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Drug-induced liver injury (DILI) is a major reason drugs fail 
during development or are withdrawn from the market.1 The 
ability to predict, detect, and avoid DILI through appropriate 
patient selection and effective monitoring has proved to 
be an elusive goal. Many approved drugs have labeling 
recommendations for serum enzyme monitoring intended 
to detect and prevent hepatotoxicity, but such monitoring 
is often seen as inconvenient, uncomfortable, costly, and 
inefficient by both patients and doctors, and thus monitoring 
recommendations are poorly followed, if at all. This review 
considers whether monitoring works to prevent DILI, 
whether monitoring recommendations are derived from data 
or opinions, and whether any better alternatives exist.

What Hepatotoxicity Are We Looking For?
Drug-induced liver injury (DILI) occurs at five levels of severity 
(Figure 1),2 from mild, asymptomatic, and usually spontane-
ously reversible elevations of serum enzyme activities (level 1) 
to fatal liver failure or the need for a transplant (level 5). Less 
severe DILI occurs more frequently but may not be predictive 
of more severe levels of injury. Different populations and drugs 
show great variation in relative incidence of DILI. For exam-
ple, tacrine,3 which is used to treat Alzheimer’s disease, caused 
about half of those exposed to show elevated serum alanine ami-
notransferase (ALT) activity but never caused level 3–5 DILI. 
In contrast, troglitazone,4 the first peroxisome proliferator–ac-
tivated receptor-γ agonist for treating adult-onset diabetes, less 
often led to elevated ALT levels but caused many cases of fatal 
liver failure and was withdrawn in March 2000.

The term “drug-induced liver injury” implies that we know 
that a drug or other agent (rather than a particular disease) 
caused the observed liver injury. It is not easy to be certain about 
this. There are no pathognomonic features, biomarkers, or find-
ings (including liver biopsy) prove drug causality, so attribution 
of liver injury to a specific drug becomes a challenging differ-
ential diagnosis of exclusion of other causes and estimation of 
likelihood.5 Absent any confirmed and accurate quantitative 
method, the likelihood estimation defaults to opinion, which 

is best formed by expert consensus. A categorization of such 
estimates is proposed in Table 1. This categorization does not 
specify the phenotype of the liver injury (hepatocellular, choles-
tatic, hypersensitivity, mitochondrial, or other) or address issues 
of histopathology, pathophysiology, or mechanisms of injury.

In evaluating clinical trials, US Food and Drug Administration 
reviewers look for the potential of a new drug to cause severe DILI 
(level 5) in at least some people,1 recognizing that certain people 
react idiosyncratically and may show significant DILI at doses 
and exposure durations well tolerated by most. Even when mild 
liver injury follows initial exposure to a drug, most people can 
overcome injury to liver cells, recover, adapt6 and become toler-
ant to continued exposure to the drug or resumed exposure after 
interruption. This is exemplified by isoniazid, which is valuable in 
preventing tuberculosis. Isoniazid caused significant ALT eleva-
tion in ~20% of recipients initially, yet only 1 in 1,000 patients 
failed to adapt and was taken off the drug to avoid serious or fatal 
DILI from continued exposure.7 In looking at the potential of a 
drug to cause severe DILI, lower levels of DILI (especially level 1)  
occur far more frequently, but level 2 DILI raises much more sig-
nificant concern and may restrict development of the drug.1

The most dangerous type of DILI is the rapid onset of hepa-
tocellular injury extensive enough to impair the liver’s capac-
ity to function normally. The liver performs myriad functions 
in maintaining the body’s internal chemical homeostasis, but 
regulation of the plasma activities of enzymes is not among 
them (hence the quotation marks around “function” in the title 
of this article). It is likely that the activities of serum enzymes 
are determined by a dynamic balance between the rate of their 
release from cells and the rate of their inactivation by reticuloen-
dothelial system proteolytic degradation, although careful study 
is needed to support this assertion. Activity levels are volatile, 
changing over hours and days. When release rates from injured 
cells exceed clearance rates, the increases in activity levels may 
offer a rough measure of the rate at which cells are injured, but 
they are not measures of the functional capacity of the liver. 
When enough liver cells are injured to reduce the organ’s ability 
to perform its normal functions, such as clearance of bilirubin 
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from plasma into bile, the DILI is more severe (levels 2–5); these 
are the so-called Hy’s law cases.

Etiology and Derivation of Hy’S Law
In 1968, the late Hyman Zimmerman stated that “hepatocel-
lular drug-induced jaundice is a grave illness with an estimated 
mortality rate of 10 to 50 per cent.”8 Zimmerman repeated this 
statement in his textbooks of 19789 and 1999,10 although he did 
not specify how he determined that a case was drug-induced, 
what level of serum enzyme elevation indicated hepatocellu-
lar DILI, or what serum bilirubin concentration defined jaun-
dice. His observation, which appeared accurate over time, was 
dubbed “Hy’s law” by Robert Temple of the US Food and Drug 
Administration.11 Temple defined Hy’s law in terms of serum 
abnormalities (ALT > 3 × the upper limit of normal (ULN) and 
total bilirubin (TBL) > 2 × ULN, after appropriate exclusion 
of cholestatic problems, Gilbert’s syndrome, and other details), 
rather than in general clinical terms, and on the basis of some-
what more severe cases than Zimmerman used. Epidemiologic 

confirmation of Zimmerman’s concept was recently reported 
in Sweden12 and Spain.13 Elevation of serum ALT activity has 
proved to be a quite sensitive but not entirely specific test for 
liver injury; the older TBL test is much more specific but rather 
insensitive for assessing liver dysfunction. The combination of 
these two measures has proved very useful. More severe levels of 
liver injury (levels 3–5) are determined by clinical observation 
and not just by serum chemical measurements. For >30 years, 
Hy’s law has proved to be valid in predicting that some people 
showing drug-induced hepatocellular injury with jaundice will 
progress to fatal hepatotoxicity or require a liver transplant.

Preclinical Assessments For Predicting Human 
Drug-Induced Hepatotoxicity
Preclinical animal and in vitro testing has been used quite suc-
cessfully to screen out dangerously hepatotoxic drugs but has not 
always predicted the rare but sometimes serious idiosyncratic 
hepatotoxicity that occurs in some individuals when hundreds 
of thousands or millions of people are treated. This failure has 
been attributed to the great genetic and experiential diversity of 
humans, which cannot be modeled in traditional toxicological 
studies using purebred or standard strains of animals, controlled 
conditions of exposure, and an absence of confounding condi-
tions or treatments in the experimental animals. However, it 
may be possible, using innovative methods, to show that idi-
osyncratic toxicity is not always rare, and that it is dose-related, 
is fairly predictable, and can be demonstrated in modest num-
bers of standard laboratory animals. Data from such studies 
may allow identification of differentially susceptible individual 
animals and lead to truly predictive tests or procedures that can 
be used to identify which patients should not be exposed to a 
particular drug so it can be given safely to others. These issues 
are complex and beyond the scope of this brief discussion.

How is Hepatotoxicity Detected in Clinical Trials?
Because increases in serum enzyme concentrations are not 
uncommon and are a major concern in drug development 
when more severe levels of DILI occur, most protocols require 
that sera be tested for biomarkers before and during exposure 
of participants to investigative and control agents. Among the 
biomarkers usually tested for are ALT, aspartate aminotrans-
ferase (AST), alkaline phosphatase, and TBL. The first three are 
enzymes and are measured by activity level; TBL is measured by 
serum concentration. Only TBL is a measure of liver function; 
increased serum enzyme activity levels reflect injury to hepato-
cytes or cholangiocytes. Transamination is a basic biochemical 
process that links carbohydrate and protein metabolism in many 
tissues.14 Although ALT is highly concentrated in hepatocytic 
cytoplasm, it is also present in the mitochondria15 and many 
other tissues (heart and skeletal muscle, gut epithelial cells, and 
renal tubular cells). Isoforms have recently been described.16 

Clinical use of serum enzyme measurements was jump-started 
in 1955 by the brilliant work of Arthur Karmen,17 who devel-
oped a rapid spectrophotometric assay to replace the tedious 
methods used previously. Karmen’s test used AST (then known 
as serum glutamic-oxalacetic transaminase) to diagnose 

Table 1 C ategories of likelihood of drug-induced liver injury

Category Definition

0 Almost certainly not, some other explanation is probable; ER <5%

1 Unlikely, other possibilities greater; ER = 5–25%

2 Possible, no other cause probable; ER >25–50%

3 Probable, most likely of all possible causes; ER >50–75%

4 Very likely, other causes unlikely; ER >75–95%

5 Definite, almost certain, no other cause apparent; ER ≥95%

No precise, accurate, objective measure is available to estimate the likelihood that a 
given case of liver injury was caused by a drug. Therefore, the best current method is 
based on expert consensus and relies on additional clinical information to rule out 
alternative causes.

ER, estimated range; not intended to imply numerical precision but as an adjective to 
modify the category definition and thus increase the consistency of estimates among 
evaluators.
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Figure 1  Levels of severity of drug-induced liver injury (DILI). Lower levels 
of severity generally occur much more frequently than higher levels. Levels 
1 and 2 are determined primarily by serum chemistry measures of enzyme 
activity and total bilirubin concentration, but determinations of level 3–5 DILI 
are based primarily on additional clinical information. The relative rates of the 
five levels differ for any given drug and population sample exposed.
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myocardial infarction. The use of AST and ALT measurements 
to detect acute hepatocyte injury soon became more widespread, 
and ALT is now the most frequently used indicator, with AST 
testing usually rising in parallel redundantly.

There is no agreement on a standard for the level of ALT 
activity that should trigger action in a clinical trial, although 
the expert consensus of the 1978 Fogarty Conference was that 
3 × ULN was “markedly abnormal.”18 This level was arbitrary, 
not data-based, and indicates that injury has already taken place 
rather than predicting what will or might happen. Single meas-
urements do not determine “peaks” for this volatile assay; only 
fairly close, serial measurements can do so. Most people with 
abnormal levels of ALT activity will resolve them spontaneously 
by robust liver repair, regeneration, and recovery mechanisms, 
whether or not the drug is stopped, reduced, or interrupted. 
Even initially susceptible people will tend to adapt and become 
tolerant of the drug. It is not clear whether higher ALT activ-
ity, such as 5 × ULN or 8 × ULN, would be a better level for 
consideration. Moreover, ALT elevation is not a very specific 
indicator of serious liver injury, resulting in many false-positives 
that prompt costly and useless additional studies and do not dis-
tinguish between drug-induced and disease-induced injury.

If we use ALT > 3 × ULN as a positive test for potentially serious 
liver injury in a sample population exposed to a drug for which 
the true incidence of DILI is 1%, with test sensitivity of 95% and 
specificity of 85% (reasonable estimates), the hard reality is that 
most of the positive test results will be false (Table 2). The tim-
ing of elevated ALT varies, and thus many periodic tests may be 
required to detect the elevation. If we add in the requirement for 
baseline measures for comparison, then perhaps an average of 10 
tests may be necessary. If the true incidence of DILI is 1%, then 
almost 300 people must undergo 3,000 tests for a 95% chance of 
finding at least one positive result, and there is a 94% chance that 
this result will be false. Not all serious cases will be drug-induced; 
some will be disease-induced. Thus, to find one bonafide case of 
DILI, even at a relatively high incidence of 1%, many thousands of 
tests must be performed, depending on the incidence and preva-
lence of liver diseases among the study population. This is not 
only inefficient but costly, discouraging, and needlessly alarming. 
Elevated ALT alone in an individual, whether 3 × ULN or 10 × 
ULN, is not reliably predictive of serious liver injury.

In a 5-year study of 3,248 patients on a placebo, ALT eleva-
tions >3 × ULN (with redundant AST rises) were found in 44 
patients.19 Most were not due to serious or diagnosable liver 
disease, but six patients who also had TBL elevations to >2 × 
ULN showed liver disease on hospitalization: two had acute viral 
hepatitis, two had common duct gallstones, and two had fatal 
cases of liver infiltration with amyloid or metastatic colon can-
cer. Hence, the specificity of the combined test for serious liver 
injury was 100%, but the specificity of the ALT elevation test 
alone was only 14%. This work needs to be replicated.

Does Periodic Monitoring of Serum Alt Prevent 
Serious Dili?
Although scores of drugs include recommendations for moni-
toring on their labels,20 the question arises as to whether 

monitoring works, even when done properly. Moreover, as mon-
itoring is often not done well in practice, it has little chance of 
working. The basis for the continued recommendation of moni-
toring has been challenged.21 In contrast to efficacy indications, 
which require data on which to base statements on approved 
labeling, there are almost no such data on which to base rec-
ommendations for monitoring, resulting in default to consult-
ant opinions.22 Only very sparse evidence is available to show 
that periodic ALT monitoring prevents serious DILI,23,24 and 
there are no systematic studies to prove that it does. This point 
was advanced by DeLeve at a 2003 workshop on screening in 
liver disease.25 Delay between initiating drug treatment and the 
onset of hepatotoxicity is extremely variable, both for individ-
ual drugs and for individual subjects within a treatment group. 
Monitoring could work for drugs for which the pace of injury 
is relatively slow, by allowing detection of early injury in time 
to prevent worsening, but even that has not been proved. For 
drugs in which the onset of hepatotoxicity is rapid (as reported 
for telithromycin26 and, in some studies, troglitazone27), hepatic 
injury may progress to irreversible liver failure within less than 
a reasonable monitoring interval.

Monitoring during controlled clinical trials is another mat-
ter. When a drug’s efficacy has not been established and safety 
problems remain to be discovered, monitoring makes sense. It 
is not clear what frequency or duration of testing or intervals 
between tests may be optimal, and these parameters may vary 
with both the drug and the study population. Obviously, peak 
ALT values may be missed if they are brief, asymptomatic, and 
spontaneously reversible, but there are practical limitations on 
how often and for how long tests can be performed. Clinical data 
on which to base recommendations are sorely needed.

Is There Any Alternative To Periodic Serum  
Testing of Alt?
Two large studies of isoniazid monotherapy to prevent active 
tuberculosis were conducted in similar populations. The earlier 
study relied on monthly monitoring for symptoms or signs of 
hepatic injury among 13,838 people who took isoniazid for a 
year. There were eight deaths from liver failure.28 In the more 
recent study, patients were carefully and repeatedly instructed 

Table 2  Sensitivity and specificity of ALT elevations

Test result

Serious liver injury

Total
Predictive 

valuePresent Absent

ALT > 3 × ULN 95 1,485 1,580 0.060

Not 5 8,415 8,420 0.999

Incidence 1% 100 9,900 10,000

Sensitivity  
95%

Specificity  
85%

Accuracy  
85.1%

Clinical interpretation of alanine aminotransferase (ALT) elevations. Using a cutoff 
for a positive test result of ALT > 3 × ULN to detect serious liver injury in a population 
sample of 10,000 patients exposed to a given drug with a true incidence of 1% 
showing treatment-emergent hepatotoxicity during exposure, test sensitivity of 95%, 
and test specificity of 85%. Note the poor predictive value of positive test results: only 
6% (94% wrong).

ULN, upper limit of normal.
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to check themselves daily and to interrupt treatment and imme-
diately have their serum ALT and TBL measured if they noticed 
even mild symptoms of possible liver injury.7 Prompt testing 
after symptoms were perceived was effective: only 11 of 11,141 
patients had to have their isoniazid treatment stopped per-
manently, and there were no deaths. This approach was both 
clinically effective and cost-effective in that somewhat younger 
group, but it cannot necessarily be generalized.

Monitoring in practice is meant to prevent severe hepatotox-
icity, not just to detect ALT elevations in mild, reversible liver 
injury, and physicians should be fully aware of the limitations 
of monitoring. In clinical trials, the purpose of periodic ALT 
monitoring should be to detect cases for special attention in 
order to learn as much as possible about the effects of the drug 
under investigation1 and to prompt appropriate closer observa-
tion, additional studies, and follow-up in the few cases of liver 
injury that occur.

Until better tests are developed, the detection of hepatocyte 
injury is suggested for serum transaminase activities >3 × ULN 
and liver function impairment using laboratory measures of 
excretory (TBL > 2 × ULN) and synthetic (prothrombin time, 
international normalized ratio >1.5) functions. Unexplained 
transaminase elevations combined with loss of liver function 
in a clinical trial are considered a worrisome finding by the US 
Food and Drug Administration and factor into the agency’s 
assessment of the benefit–risk balance for a drug.

It remains to be seen whether better biomarkers can be 
found,29 especially truly predictive indicators of which people 
should not be exposed to a particular drug because of a high 
likelihood that they will not be able to tolerate or adapt to it. 
Clinical trials, used to their fullest potential,30 may help us dis-
cover a basis for individual idiosyncratic susceptibility that will 
lead to the safer use of new drugs in the right patients.
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