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Abstract. Liver dysfunction has long been recognized as a clinical feature of malaria. We have observed delayed
elevation in the transaminaseportion of liver function tests (LFTs) after treatment in someparticipants undergoing induced
blood stage malaria infection. We sought to determine whether similar LFT elevations occur after naturally acquired
infection. We performed a retrospective audit of confirmed cases of Plasmodium falciparum and Plasmodium vivax in
Queensland, Australia, from 2006 to 2016. All LFT results from malaria diagnosis until 28 days after diagnosis were
collected with demographic and clinical information to describe longitudinal changes. The timing of peak LFT elevations
was classified as early (0–3 days), delayed (4–11 days), or late (12–28 days) with respect to the day of diagnosis. Among
861 cases with LFT evaluated, an elevated bilirubin level was identified in 12.4% (N = 107/861), whereas elevated alanine
transaminase (ALT) and aspartate transaminase levels were observed in 15.1% (N = 130/861) and 14.8% (N = 127/861) of
cases, respectively. All peak bilirubin results occurred in the early period, whereas ALT elevations were biphasic, with
elevations in the early and delayed periods, with 35.4% (N = 46/130) of cases delayed. Univariate and paired stepwise
logistic regression analyses were performed to investigate factors associated with the incidence and timing of trans-
aminase elevation. A raised ALT level at diagnosis was strongly associated with the timing of transaminase elevation. No
other demographic, parasitic, or treatment factorswere associated. Liver function test abnormalities are likely an inherent
although variable aspect of humanmalaria, and individual-specific factors may confer susceptibility to hepatocyte injury.

INTRODUCTION

Abnormalities in liver function have been described but
relatively little investigated compared with other aspects of
clinical malaria. Reporting of malaria-associated liver injury in
the literature is heterogeneous and primarily focused on bio-
chemical measurement of liver function tests (LFTs), such as
bilirubin and the transaminases alanine transaminase (ALT)
and aspartate transaminase (AST). There are few thorough
longitudinal descriptions of malaria-associated liver injury.
Surveys of falciparum malaria have reported lower rates

of jaundice at presentation in endemic populations (2.6–5.3%
of cases) compared with epidemic malaria (11.5–62% of
cases).1–7 Other Plasmodium species have been associated
with a relatively lower rate of jaundice compared with
falciparum.8,9 Mild elevations of transaminases are common,
although more significant elevations associated with multi-
organ dysfunction have also been reported.10–14 The syn-
drome of “malarial hepatopathy” has been recently proposed,
being defined as a bilirubin level > 2.5 times upper limit of
normal (ULN) with associated transaminase elevation > 3 ×
ULN (where ALT is considered the more liver-specific
enzyme).1,2,15–19 Although the clinical significance of malarial
hepatopathy has not been fully elucidated, it represents an
attempt to further describe malaria-associated liver injury and
has been associated with more severe disease and other or-
gan dysfunction.1 The relationship of malarial hepatopathy
to antimalarial treatment needs to be evaluated to differenti-
ate it from clinically significant drug-induced liver injury
meeting Hy’s Law, which has a similar definition.20 Malarial
hepatopathy has been reported in 2.6–45% of all malaria
cases and up to 87.5% of cases presenting with clinical

jaundice.1,2,4,13,18,21,22 Kupffer cell hyperplasia, hemozoin
loading, and monocyte infiltration are the most frequently re-
ported histological findings in malaria-associated liver injury;
all seem to resolve after antimalarial treatment.2,4,12,23–27

Although the incidence of abnormal LFTs has been de-
scribed in multiple studies, the temporal pattern of LFT abnor-
malitieshasbeen lessexplored.Availabledata indicate thatLFT
abnormalities due to malaria typically resolve after 1–2 weeks
compared with 6–8 weeks after acute hepatitis A, B, or C.9,16

Peaks in transaminase levels after treatment have also been
recently reported; these could represent a distinct type of
malaria-associated liver injury.28–31 In a small retrospective
comparative European study, asymptomatic transaminase
elevation was observed in returned travelers hospitalized for
malaria after treatment with the artemisinin-based combina-
tion therapy artemether–lumefantrine. The authors postulated
that the rapid parasiticidal effect of the antimalarial treatment
may promote accelerated hepatic heme loading and oxidative
stress.28 Liver injury through this proposed mechanism is not
exactly an adverse drug reaction but rather may be influenced
by factors, such as parasite burden, rate of clearance, and
host hememetabolism. In prospective trials using the induced
blood stage malaria (IBSM) model in healthy malaria-naive
participants, asymptomaticmoderate (2.5–5.0 ×ULN) tomore
rarely severe (> 5.1 × ULN) elevations of transaminase en-
zymes have been reported in a subset of participants. These
isolated transaminase elevations are associated with an ALT/
AST ratio > 1 and a normal bilirubin level, peaking 4–12 days
after treatment, and have been reported following multiple
antimalarial compounds in both falciparum and vivax malaria
models.29,30 Similar elevations have been observed after
sporozoite malaria challenge.31,32 Delayed transaminase el-
evation may be attributed to the antimalarial compound, the
use of acetaminophen for symptom relief,33 the malaria par-
asite, or host factors associated with parasite clearance. Al-
though the relative contribution of each of these factors is
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uncertain, it is important to understand their relative contri-
bution, given the implications that unexplained transaminase
elevation may have on antimalarial drug development.
To further characterize the spectrum of malaria-associated

liver stress/injury, we performed a retrospective audit of cases
of Plasmodium falciparum and Plasmodium vivax infection in
Queensland, Australia. In this report, we describe the in-
cidence, degree, and timing of abnormal LFTs in a population
of patients with naturally acquired malaria infection. Cases
with LFToutcomes of interestwere specifically investigated to
describe the temporal relationship between antimalarial
treatment and transaminase elevation. We also analyzed
factors that may contribute to transaminase elevation, spe-
cifically the timing of peak elevation after treatment.

METHODS

Subjects.We includedpatients of any agewithmicroscopy-
confirmed cases of P. falciparum and P. vivax malaria on the
Pathology Queensland electronic database (AUSLAB Clinical
and Scientific Information System) between January 1, 2006
and June 1, 2016, an interval that covers the period of elec-
tronic pathology record keeping in the State. Inpatient and
outpatient data were included. Duplicate results, defined as
any malaria positive test in the same individual for the same
Plasmodium species collected within 7 days, were excluded.
The reference case for inclusion was considered the earliest
test collected at a Queensland Health facility. Plasmodium
species coinfections were included. Plasmodium falciparum
was considered the reference infection unless P. vivax mon-
oinfection was diagnosed within 7 days earlier.
Data collection. Data on demographics (age at diagnosis,

gender, anddate and locationof pathology sample collection),
parasitemia (bymicroscopyat the timeof diagnosis), andLFTs
(ALT,AST, and total bilirubin) from thedayofmalaria diagnosis
(Day 0) to 28 days after diagnosis were collected from the
Pathology Queensland database for all cases. Where multiple
results were found for a single day, the earliest result was
recorded. All LFT results were converted to multiples of the
ULN to allow for comparison between age and gender groups
(Supplemental Table 1).
Classification of LFTs. Liver function tests were classified

using a modified World Health Organization (WHO) toxicity
grade system (Grades 0 to 4), which is used to assess adverse
events in clinical trials (Table 1).34 Mild (Grade 1) elevations of
LFTswerenot consideredclinically significant in thecontext of
documented malaria (1.25–3 × ULN for ALT and AST,
1.25–2.5 × ULN for bilirubin). Malarial hepatopathy was de-
finedasbilirubin>2.5×ULNwith aconcurrentALT>3×ULN.1

The peak LFTmeasurement and day aftermalaria diagnosis in
which it was measured were used to determine the severity
and temporal pattern, respectively. We grouped LFT results

into three timeperiods: early (Day0 toDay3), delayed (Day4 to
Day 11), and late (Day 12 to Day 28). Time periods were based
on the timing of delayed transaminase elevation observed in
healthy nonimmune participants in IBSM trials.29,30

Early, delayed, and late transaminase elevations were de-
fined as having amoderate, severe, or very severe grade peak
ALT result within the appropriate time period. The reference
normal group was defined as cases with serial ALT mea-
surements < 2 × ULN across contiguous time periods. This
cutoff was chosen to increase the size of this group for com-
parison. An electronic chart audit and a reviewofPublicHealth
records were conducted to identify the geographical region
where malaria was acquired and the type and timing of treat-
ment regimen, where this information was documented.
Treatment regimenwas classified as artemisinin-containing

or nonartemisinin-containing. The timing of treatment initia-
tion with respect to the day of diagnosis was recorded to
determine the treatment delay. Other infections potentially
contributing to abnormal LFTs were identified in Pathology
Queensland records. This was defined as any positive acute
phase testing for dengue, other arboviruses, herpes viruses,
viral hepatitis, and other infections (leptospirosis, Q-fever, and
Rickettsial disease) occurring within 28 days after malaria
diagnosis.Log-transformedULNdata for totalbilirubin,ALT,AST
and the ratio of ALT/AST at diagnosis, demographics, region
of acquisition, log-transformed parasitemia at diagnosis,
Plasmodium species, presence of other infections, and
treatment regimenwere compared between groups to identify
possible contributing factors to transaminase elevation. Data
on the use of potentially hepatotoxic medications were not
available.
Statistical analysis.Descriptive statistics are presented as

mean with standard deviation (SD), median with interquartile
range (IQR), or percentage. Cases were grouped by out-
comes: early, delayed, and late transaminase elevations or
serial normal transaminase results. Parasitemia and LFT ×
ULN results were log transformed to normalize data distribu-
tion. Assessment of normality of distribution was undertaken
using theD’Agostino test. All groupswere compared using the
chi-squared test, Kruskal–Wallis test, or one-way analysis of
variance to compare available clinical/demographic data be-
tween groups. A P < 0.05 was considered statistically signif-
icant. A paired stepwise logistic regressionmodel was used in
anexploratorymultivariate analysis of all clinical/demographic
factors available to determine, which were independently
predictive of transaminase outcome. Likelihood ratios (LRs)
were calculated for variables considered predictive of out-
come by the model (P < 0.05). No adjustments were made.
GraphPad Prism 7.0 (San Diego, CA) was used for descriptive
statistics and univariate analysis. JMP Pro 13.2 (Marlow,
Buckinghamshire, United Kingdom) was used for the paired
stepwise logistic regression analysis.

TABLE 1
Modified World Health Organization toxicity grade system*

Mild grade 1† Moderate grade 2 Severe grade 3 Very severe grade 4

ALT × ULN 1.25–3.0 3.1–5.0 5.1–10.0 > 10.0
AST × ULN 1.25–3.0 3.1–5.0 5.1–10.0 > 10.0
Bilirubin × ULN 1.25–2.5 2.6–5.0 5.1–10.0 > 10.0
ALT = alanine transaminase; AST = aspartate transaminase; ULN = upper limit of normal.
* Cutoff values are adapted from the World Health Organization toxicity grade system.34

†Mild (Grade 1) liver function test elevations were not considered clinically significant in the context of documented malaria.
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Bias. It is not possible to identify the true frequency of
malaria-associated LFT elevations from this retrospective
cohort, as many patients with malaria infection did not un-
dergo LFT measurement. The exact timing of peak LFT ele-
vation is not known for many cases because daily testing was
not performed. Cases with early LFT abnormalities or other
complicationsmay have undergonemore frequentmonitoring
and be overrepresented in the study population.
Ethics approval. This study was approved by the Royal

Brisbane and Women’s Hospital Human Research Ethics
Committee (EC00172; AU/10/4888215).

RESULTS

Subject characteristics. A total of 1,477 individual cases
were assessed (Figure 1). Of these, 861 cases had at least one
LFTmeasurement in the 28 days after diagnosis. These cases
were used to generate the description of LFTs in malaria in-
fection. A total of 2,189 LFT measurements were reported
from all cases with LFT measurements. Of these, 1,686, 348,
and 155 measurements occurred in the early, delayed, and
late periods, respectively. From the 861 cases with LFT
measurements, 688 were not elevated but lacked sufficient
serial information to exclude delayed elevation. The remaining
173 cases were used for analysis of the timing of LFT
elevations.
Compared with patients who did not have LFT measure-

ment, those who had LFTs collected had a significantly higher
rate of infection with P. falciparum (49.7% versus 42.5%, P =
0.007) and an older age at diagnosis (34.9 years, SD = 16.6
versus 32.7 years, SD = 17.7, P = 0.021), but no difference in
gender distribution or parasitemia at presentation.

Description of LFTs. The level of bilirubin was elevated
> 2.5 × ULN in 12.4% (N = 107/861) of all cases with LFT
measurements (Table 2). Bilirubin elevation was moderate in
most cases, although 21/861 caseswere severe or very severe
with a maximum value of 20.5 × ULN. All cases with bilirubin
elevation peaked before Day 3 (Figure 2). Malarial hepatopathy
was found in 2.4% (N = 21/861) of all cases.
An elevatedALT level > 3×ULNwas identified in 15.1% (N=

130/861) of all cases with LFT measurements. New cases
were identified up to Day 9 after diagnosis. Moderate, severe,
and very severe peak elevations were observed in 76/130, 41/
130, and 13/130 cases, respectively (Table 2). The peak ALT
elevation identifiedwas 25.8 ×ULN and occurred on Day 4. Of
the 130 cases with an ALT level > 3 × ULN, 64.6% peaked in
the early period (N = 84/130) and 35.4% (N = 46/130) in the
delayed period. No cases had peak LFT elevations in the late
period. Aspartate transaminase elevation was identified at
rates similar to ALT elevation, although the temporal distri-
bution of peak AST elevation appeared to favor a slightly
earlier onset (Figure 2). Transaminase elevation appeared to
resolve largely within the follow-up period (Supplemental
Figure 1).
Themedian (IQR)ALT/AST ratio of all LFTmeasurements on

Day 0 was 1.0 (0.7 to 1.2). The ALT/AST ratio progressively
increased to consistently > 1 after Day 4. There was no dif-
ference in the ALT/AST ratio based on infective species.
Elevated bilirubin, ALT, and AST levels were observed sig-

nificantly more frequently in P. falciparum than in P. vivax
cases (Table 2).
Of all cases with LFTs undertaken, there were 54 caseswith

normal (N=11/861) ormildly elevated (N=43/861) LFTson the
day of diagnosis that subsequently went on to develop mod-
erate or greater abnormalities. Liver function test results
by day of collection for these cases are presented in
Supplemental Figure 1.
Comparison of caseswith serial normal transaminases,

early and delayed transaminase elevations. A total of 173
cases were compared to identify factors potentially contrib-
uting to the presence and timing of transaminase elevation.
Early transaminase elevation was identified in 84/173 cases,
delayed elevation in 46/173 cases, and normalmeasurements
in 43/173 cases (Table 3). No late transaminase elevations
were identified. All LFT results by day of sample collection are
presented for each group in Supplemental Figure 2.
Transaminase results at diagnosis differed between all

groups, highest in the early transaminase elevation group (log
ALT × ULN, P < 0.001 and log AST × ULN, P < 0.001). Fur-
thermore, the ALT/AST ratio at diagnosis was also higher in
the early transaminase elevation group (P = 0.003). Region of
malaria acquisition (P < 0.001) and positive testing for another
infection potentially contributing to LFT abnormalities (P =
0.005) were the only nontransaminase indices that differed
between groups. Data on region of acquisition was more
readily available in the normal transaminase group, which had
fewer “unknown” category results than the other groups.
Positive testing for other infections was also most common in
the normal transaminase group. All groups demonstrated a
similar age and gender distribution. Furthermore, P. falciparum
was the most common infective species across all groups,
andparasitemia at presentationwas similar. Themedian delay
to treatment was 1 day after diagnosis, and the majority of
cases received an artemisinin-containing regimen (Table 3).

FIGURE 1. Study population. Confirmed cases of malaria from ref-
erence laboratories on the Pathology Queensland database. Time
periodwith respect to dateof diagnosis: early (Day0 toDay3), delayed
(Day 4 to Day 11), and late (Day 12 to Day 28). The ALT level < 2 was
considered normal. The ALT level > 3 was considered elevated. ALT =
alanine transaminase; AST = aspartate transaminase; LFT = liver
function test.
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Multivariate analysis by paired comparison of normal trans-
aminases and early transaminase elevation unsurprisingly
found log ALT on the day of diagnosis had an extremely strong
association with early transaminase elevation (LR = 84, P <
0.001). Region of acquisition (LR = 27, P < 0.001), lower log
bilirubin level on thedayofdiagnosis (LR=15,P<0.001), higher
rates of P. vivax infection (LR = 12, P < 0.001), and female
gender (LR = 8, P = 0.004) were also associated with early
transaminase elevation compared with the normal transami-
nases group. Delayed transaminase elevation was associated
with a higher log ALT level on the day of diagnosis compared
with normal transaminases (LR = 17, P < 0.001). Region of
acquisition was also different between these groups (LR = 25,

P < 0.001). Comparison of the delayed and early transaminase
groups found that higher log ALT on the day of diagnosis (LR =
21, P < 0.001) and positive testing for other infections (LR = 11,
P = 0.004) were associated with early transaminase elevation.

DISCUSSION

In this audit, we have identified rates of elevated bilirubin
and malarial hepatopathy consistent with other reports.1–3,8,9

These abnormalities are transient, more frequently observed
in P. falciparum infection than in other Plasmodium species,
and may vary widely in severity (up to > 25 × ULN). We have
also identified a relatively large proportion of cases with

TABLE 2
Peak LFT results of all cases with LFT measurements classified by the modified WHO toxicity grade system

WHO grade

All cases with
LFTs collected

(N = 861)

Plasmodium falciparum
cases with LFTs collected

(N = 428)

Plasmodium vivax cases
with LFTs collected

(N = 433)
Comparison P. falciparum

and P. vivax cases

Peak bilirubin (n) Moderate % (n/N) 10.0 (86/861) 12.1 (52/428) 7.9 (34/433) P = 0.003
Severe % (n/N) 2.0 (17/861) 2.8 (12/428) 1.2 (5/433)
Very severe % (n/N) 0.4 (4/861) 0.9 (4/428) 0 (0/433)
Total % (n/N) 12.4 (107/861) 15.9 (68/428) 9.0 (39/433)

Peak ALT (n) Moderate % (n/N) 8.8 (76/861) 10.0 (43/428) 7.6 (33/433) P < 0.001
Severe % (n/N) 4.7 (41/861) 6.8 (29/428) 2.8 (12/433)
Very severe % (n/N) 1.5 (13/861) 2.6 (11/428) 0.5 (2/433)
Total % (n/N) 15.1 (130/861) 19.4 (83/428) 10.9 (47/433)

Peak AST (n) Moderate % (n/N) 8.4 (72/861) 12.1 (52/428) 4.6 (20/433) P < 0.001
Severe % (n/N) 4.2 (36/861) 7.0 (30/428) 1.4 (6/433)
Very severe % (n/N) 2.2 (19/861) 4.0 (17/428) 0.5 (2/433)
Total % (n/N) 14.8 (127/861) 23.1 (99/428) 6.5 (28/433)

ALT=alanine transaminase;AST=aspartate transaminase; LFT= liver function test;WHO=WorldHealthOrganization. Fisher’sexact test comparing the total numberofP. falciparumandP. vivax
caseswithbilirubin,ALT, orASTabnormalities. “Peak” refers to thehighest recordedLFT result of an individual in the28daysaftermalaria diagnosis. (N) refers to the total sample size, and (n) refers to
the number of cases with an elevated LFT for each of the parameters measured.

FIGURE 2. Incidence of abnormal LFTs by day in all cases with LFT measurements (N = 861). (A) Peak bilirubin (N = 107/861). Bilirubin grading:
moderate 2.6–5.0 × ULN, severe 5.1–10.0 × ULN, and very severe > 10.0 × ULN. (B) Peak ALT (N = 130/861). (C) Peak AST (N = 127/861). ALT and
AST grading: moderate 3.1–5.0 × ULN, severe 5.1–10.0 × ULN, and very severe > 10.0 × ULN. (D) Malarial hepatopathy (N = 21/861, concurrent
bilirubin level > 2.5 × ULN and ALT level > 3 × ULN). Day 0 was the day of diagnosis. ALT = alanine transaminase; AST = aspartate transaminase;
LFT = liver function test; ULN = upper limit of normal. This figure appears in color at www.ajtmh.org.
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elevated transaminases after diagnosis and treatment that has
not been well described previously in the naturally acquired
malaria literature. Although elevations in bilirubin levels appear
to peak and resolve soon after treatment, peak transaminase
elevations may not occur simultaneously. This may represent
malaria-associated liver effects after hemolysis, which could
explain the progressive increase in the ALT/AST ratio observed
with time for all cases, as the hemolysis-related AST level de-
creases while the hepatocyte-specific ALT level increases.
Analysis of factors potentially contributing to the presence

and timing of transaminase elevation predictably demon-
strated that the ALT level on the day of diagnosis had the
greatest association with the timing of transaminase eleva-
tion. This is unsurprising for cases with LFTs peaking in the
first 3 days and is an inherent limitation of using this variable.
Interestingly, those who experienced delayed elevation had a
higher ALT level on the day of diagnosis compared with the
normal transaminases group, suggesting that hepatic injury
was already underway. Given that treatment was instituted
soonafter diagnosis, this delayed transaminase elevationmay
suggest continued hepatocyte injury in the postparasite
clearance period. Serum ALT typically responds to hepato-
cyte injury within hours after insult rather than days.35 In this
study, delayed ALT elevation peaking 4–11 days after di-
agnosis was common. This could represent an under-
described burden ofmalaria-associated liver injury, especially
given that the frequency of LFT measurements is reduced
with time since diagnosis, and LFTs are frequently not per-
formed serially if normal or only mildly elevated at diagnosis.
Treatment regimen and the timing of institution of treatment

after diagnosis were not associated with the timing of peak

transaminase elevation. This is in contrast to other studies
associating artemisinin-containing treatment regimens, and
presumably more rapid parasite clearance, with LFT eleva-
tions.28Plasmodium falciparum infection was associated with
a higher frequency of abnormal LFTs overall. However, when
the three timeperiodgroupswere compared, theproportion of
P. falciparum cases compared with P. vivax cases was only
different between the normal andearly transaminase elevation
groups. Interestingly, infection with another organism that
may cause liver injury such as dengue or viral hepatitis was
more common in the early transaminase elevation group
compared with the delayed transaminase group, which may
havecontributed toearlier peakhepatocyte injury.Basedon the
availabledata, the normal transaminasesgrouphad thehighest
absolute rate of coinfection, which is not biologically plausible.
Differences between groups in region ofmalaria acquisition are
similarly difficult to interpret, given the low number of cases,
high number of categories, and discrepancies in data avail-
ability between comparison groups but could be related to ei-
ther population or parasite strain-related differences.
Although this analysis was limited, there do not seem to be

clear demographic or clinical differences between groups that
are predictive of liver injury. We hypothesize that other
individual-specific factors may confer susceptibility to hepa-
tocyte injury. This may include host ability to manage reactive
oxygen species generated by heme breakdown after eryth-
rocyte recycling in the liver and the degree of proinflammatory
immune response to infection. In this population, the bilirubin
level at the time of diagnosis was only different between nor-
mal and early transaminase elevation groups, which may
support the hypothesis that the burden of hemolysis alone

TABLE 3
Comparison of demographic factors, clinical factors, and baseline liver function tests in serial normal transaminases, early and delayed trans-
aminase elevation groups

Serial normal transaminases
(N = 43)

Early transaminase elevation
(N = 84)

Delayed transaminase elevation
(N = 46) P value

Age (years) median, IQR (N) 40.2, 25.9–51.1 (43) 37.4, 25.0–49.2 (84) 35.5, 26.8–47.8 (46) 0.909*
Gender (male) % (n/N) 74.4 (32/43) 70.2 (59/84) 71.7 (33/46) 0.885†
Cases infected with Plasmodium falciparum
% (n/N)

58.1 (25/43) 57.1 (48/84) 76.1 (35/46) 0.082†

Parasitemia (parasites/μL) median, IQR (N) 12,000, 3,775–110,000 (38) 5,900, 1,375–44,000 (74) 12,500, 1,650–85,750 (42) –

Median log parasitemia 4.08 3.77 4.10 0.483‡
Region % (n/N) < 0.001†
South Asia/Oceania 37.2 (16/43) 31.0 (26/84) 13.0 (6/46)
Subcontinent 11.6 (5/43) 1.2 (1/84) 2.2 (1/46)
Africa 41.9 (18/43) 8.3 (7/84) 15.2 (7/46)
Multiple regions 7.0 (3/43) 1.2 (1/84) 0 (0/46)
Unknown/not recorded 2.3 (1/43) 58.3 (49/84) 69.6 (32/46)

Treatment (artemesinin containing) % (n/N) 85.7 (36/42) 88.6 (31/35) 100 (14/14) 0.333†
Treatment delay (days) median, IQR (N) 1, 0–2 (41) 1, 0–1 (34) 1, 0–2 (15) 0.769*
Other infection (any testing) % (n/N) 0.005†
Positive 23.2 (10/43) 13.1 (11/84) 4.3 (2/46)
Negative 25.6 (11/43) 38.1 (32/84) 60.9 (28/46)
Unknown/not tested 51.2 (22/43) 48.8 (41/84) 34.8 (16/46)

Bilirubin at diagnosis (×ULN) median, IQR (N) 1.5, 1.0–2.3 (42) 1.4, 0.9–2.0 (79) 1.5, 0.9–2.7 (42) –

Median log bilirubin at diagnosis 0.18 0.15 0.18 0.710*
ALT at diagnosis (×ULN) median, IQR (N) 0.8, 0.6–1.2 (42) 3.5, 2.9–4.4 (80) 1.7, 1.1–3.0 (42) –

Median log ALT at diagnosis −0.09 0.54 0.24 < 0.001‡
AST at diagnosis (×ULN) median, IQR (N) 1.0, 0.8–1.3 (41) 3.0, 2.3–4.2 (78) 2.2, 1.5–3.6 (40) –

Median log AST at diagnosis 0 0.50 0.34 < 0.001‡
ALT/AST at diagnosis (ratio) median, IQR (N) 1.0, 0.7–1.2 (41) 1.2, 0.9–1.6 (78) 1.1, 0.8–1.3 (40) 0.003*
ALT = alanine transaminase; AST = aspartate transaminase; IQR = interquartile range; ULN = upper limit of normal.N refers to the total sample size, and n refers to the number of cases with data

available on the particular demographic or clinical factor. Alanine transaminase/aspartate transaminase was calculated using unadjusted data for each patient at diagnosis. Values reaching
statistical significance were formatted in bold.
* Kruskal–Wallis test.
†Chi-squared test.
‡One-way analysis of variance.
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does not modulate the timing of transaminase elevation. This
is supported by mechanistic studies of malaria-associated
liver injury in mouse models, which demonstrate that heme-
mediated oxidative damage is promoted by tumor necrosis
factor (TNF) in a synergistic fashion.36–40

It is clear that the pattern of abnormal LFTs is variable in
malaria infection, ranging from acute hepatopathy associated
with jaundice and poor prognosis, to asymptomatic trans-
aminase elevation. Differentiating malaria-associated liver
injury from drug-induced liver injury is important both at the
bedside and in the context of antimalarial drug development.
This study has found that elevations in bilirubin levels and
malarial hepatopathy occur exclusively in the few days after
diagnosis and treatment, whichmaybe a useful feature to help
differentiate malaria associated changes from potentially
more delayed significant drug-induced liver injury meeting
Hy’s Law. The identification of delayed transaminase eleva-
tion in this study provides more of a challenge, given that this
likely forms part of the normal pathophysiology of disease but
varies between individuals. This adds an extra layer of com-
plexity to interpreting safety data from clinical trials un-
dertaken for antimalarial drug development. For example, in
field studies of pyronaridine–artesunate in uncomplicated
malaria, mild transient transaminase elevations were reported
onDays3and7after treatment,whichwere attributed todirect
low-level drug toxicity.41 These elevations occurred in the
same time period as the delayed transaminase elevations
described in this study, which followed a range of antimalarial
treatments, and are of a similar severity. If delayed trans-
aminase elevation is truly part of the spectrum of malaria-
associated liver injury as we propose, it is clear that assigning
causality in the trial settingwill continue to bechallenging. This
problem will exist at least until either individual predisposing
factors for malaria-associated liver injury are better un-
derstood or biomarkers to distinguish between drug-induced
liver injury and malarial hepatopathy are identified.
By including all cases of falciparum and vivax malaria irre-

spective of initial LFT results andhospital or community setting,
this study population is broader than that typically reported.
Nonetheless, the retrospective nature of this audit means that
the datasets are incomplete, which is a major limitation of this
report. Furthermore, although it is assumed that the study
population is largely malaria naive, given that Australia is
malaria-free, this could not be confirmed from the available
data. The use of potentially hepatotoxic medications such as
acetaminophen often used in malaria patients, and which may
affect LFT results, was not recorded in this study. Many con-
firmed cases of malaria did not have LFTs for review. In those
who had LFTs collected, there is likely a selection bias toward
sampling in more severe syndromes and serial testing in those
with already abnormal results. Thismay explain why thosewith
any LFTs collected were older and had a higher proportion of
falciparum malaria compared with those with no LFTs. Al-
though thismay result in overestimation of the rate of abnormal
LFTs in early malarial illness, it may also result in un-
derestimation of delayed transaminase elevations. The abso-
lute rateof delayed transaminase elevation inmalaria cannot be
determined from this analysis, as the delayed time period was
used to find cases. A prospective studywith LFT sampling after
completionof treatment is required tomeasure the incidenceof
this phenomenon. Genotyping heme oxygenase 1—the en-
zyme that catalyzes heme degradation—in patients, and

measuring circulating TNF levels at diagnosis and after treat-
ment, could be used to test the hypothesis that individual heme
metabolism and TNF-associated inflammatory response may
confer susceptibility to malaria-associated liver injury.

CONCLUSION

Liver function test abnormalities occur commonly in per-
sons infectedwith various plasmodia and are likely an inherent
although variable aspect of human malaria. Elevated trans-
aminase levels due to malaria are transient, may be delayed
beyond antimalarial treatment, and may not occur simulta-
neously with bilirubin changes. No clinical or demographic
factors are clearly related to transaminase elevation; however,
extrapolation of mouse-model studies may suggest that in-
dividual variation in inflammatory response and the efficiency
of heme breakdown could play a role in transaminase
elevation.
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