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Paracetamol overdose prior to the introduction of acetylcysteine was associated with significant morbidity. Acetylcysteine is now the mainstay of
treatment for paracetamol poisoning and has effectively reduced rates of hepatotoxicity and death. The current three-bag intravenous regimen with an
initial high loading dose was empirically derived four decades ago and has not changed since. This regimen is associated with a high rate of adverse
effects due mainly to the high initial peak acetylcysteine concentration. Furthermore, there are concerns that the acetylcysteine concentration is not
adequate for ‘massive’ overdoses and that the dose and duration may need to be altered. Various novel regimens have been proposed, looking to
address these issues. Many of these modified regimens aim to decrease the rate of adverse reactions by slowing the loading dose and thereby decrease
the peak concentration. We used a published population pharmacokinetic model of acetylcysteine to simulate these modified regimens. We deter-
mined mean peak and 20 h acetylcysteine concentrations and area under the under the plasma concentration–time curve to compare these regimens.
Those regimens that resulted in a lower peak acetylcysteine concentration have been shown in studies to have a lower rate of adverse events. However,
these studies were too small to show whether they are as effective as the traditional regimen. Further research is still needed to determine the optimum
dose and duration of acetylcysteine that results in the fewest side-effects and treatment failures. Indeed, a more patient-tailored approach might be
required, whereby the dose and duration are altered depending on the paracetamol dose ingested or paracetamol concentrations.
Background

Paracetamol is one of the most common medications lead-
ing to hospital presentations and admissions following
deliberate self-poisoning and accidental overdose world-
wide. Furthermore, it is the commonest cause of acute liver
failure in North America, Europe and Australia [1, 2]. Since
the 1970s, the mainstay of treatment has been
acetylcysteine, which dramatically decreased mortality
and rates of hepatotoxicity secondary to paracetamol
poisoning. Neither the oral nor intravenous regimen, when
proposed, was subject to a randomized controlled trial, nor
was an optimum regimen established by dose-ranging
studies. As a result, acetylcysteine treatment is usually
given using the dose calculated by Prescott et al., with a
single standard dosage based on weight, which has been
essentially unchanged since the 1970s [3]. This regimen
has been successful but has several issues; adverse effects
are common and the infusion schedule is complex and can
result in errors [4]. It is based on the assumption that ‘one
size fits all,’ and questions still exist as to whether those
who take large overdoses require higher doses of
acetylcysteine. If it is accepted that the dose should be
adjusted, this then raises further questions. For example,
what dose of acetylcysteine is optimum? What are the indi-
cations for altering the dose? Can we better tailor the dura-
tion of the acetylcysteine infusion? Should we shorten or
extend the infusion time, depending on the paracetamol
can be serum or plasma concentration, liver functions tests
or other clinical parameters? The present article will review
the history of acetylcysteine and the new regimens that
have been studied, and simulate their expected plasma
acetylcysteine concentrations.

Paracetamol pharmacokinetics
The pharmacokinetics of paracetamol has been well
established in volunteer studies [5]. At therapeutic doses,
paracetamol has a half-life of 1.5–2.5 h [6]. It is extensively
metabolized, with only a small proportion excreted un-
changed [5]. At therapeutic doses in adults, the major
acol / 81:3 / 471–481 / 471
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metabolites are sulphate and glucuronide conjugates,
which account for 30% and 55% of paracetamol metabo-
lites, respectively.

A highly reactive toxic metabolite, N-acetyl-
p-benzoquinone imine (NAPQI), is also formed by
cytochrome P450 2E1. NAPQI is responsible for the hepa-
tocellular injury that occurs with paracetamol toxicity.
The small amounts of NAPQI produced after therapeutic
doses of paracetamol are detoxified by glutathione-
dependent reactions. NAPQI is detoxified via irreversible
glutathione conjugation to two nontoxic metabolites,
mercapturic acid and cysteine conjugates. At thera-
peutic doses, these two metabolites are excreted at
4% (as a fraction of the parent dose) each, with over
80% excreted in the urine in the first 12 h following
ingestion [5, 6].

Similar rates of mercapturic acid and cysteine conju-
gate excretion were seen in a study of patients with para-
cetamol poisoning without liver damage, with the
proportion of mercapturate plus cysteine excreted
ranging from 6.4% to 10.6%. In the same study, those
patients with severe liver damage had an increased
proportion of excreted mercapturate plus cysteine
(13.8–16.5%), regardless of treatment. Excretion was also
slower and delayed by up to 30 h [6]. This might indicate
that a higher proportion of the paracetamol dose
ingested is converted to NAPQI in those who develop
severe hepatotoxicity [3].

In overdose, the formation of NAPQI depletes gluta-
thione. Once glutathione is depleted, NAPQI covalently
binds to critical cellular proteins [7]. It is hypothesized
that this results in the loss of activity and function of
critical proteins and eventually results in hepatic cell
death. In animals, hepatic necrosis is observed once
glutathione is depleted by approximately 70% [3].

How the acetylcysteine regimen was evaluated
and optimized
Several antidotes that replenish glutathione and detoxify
NAPQI were evaluated in the 1970s, including methio-
nine, cysteine, cysteamine and dimercaprol [8]. Cyste-
amine and methionine have been shown in small
randomized controlled trials to decrease the risk of de-
veloping hepatotoxicity [9, 10]. Cysteine was associated
with severe headache, as well as nausea and vomiting
in nearly all patients. While methionine was only avail-
able as an oral preparation. Hence, the use of these anti-
dotes was limited [9, 10]. In an observational study from
Edinburgh, intravenous acetylcysteine as a first-line treat-
ment was found to be equally effective as cysteamine and
methionine, and noticeably free of adverse effects [11]. Ever
since that finding, acetylcysteine has been accepted as an
antidote for paracetamol overdose and has become the
standard treatment, as either a 20–21-h intravenous regimen
or a longer oral regimen [12, 13]. Acetylcysteine is effective in
paracetamol toxicity as it is hydrolysed intracellularly to
472 / 81:3 / Br J Clin Pharmacol
cysteine, which replenishes glutathione [14]. Glutathione
can then covalently bind to NAPQI in a 1:1 ratio.
Acetylcysteine also supplies thiol groups, which can directly
bind to NAPQI in hepatocytes [15].

Two different acetylcysteine regimens were initially
developed. A 20.25-h intravenous regimen (Table 1:
Traditional three-bag protocol) was used in the UK. In
the US, a 3-day oral regimen was used owing to a lack
of licensing for intravenous acetylcysteine [3, 16]. The
dosage regimen for intravenous acetylcysteine was de-
veloped in Edinburgh; it involved giving a large load-
ing dose as patients were thought to be glutathione
depleted on presentation [17]. The intravenous regimen
was 20.25 h, based on five times the theoretical 4-h
half-life of paracetamol [3, 17]. In the US, they were
concerned about the prolonged paracetamol half-life
seen in overdose in some patients. Therefore, based
on a 12-h half-life that can occur in overdose, a 72-h
oral regimen was developed [3]. In 2004, intravenous
acetylcysteine was approved for use in the US,
with the same three-bag 20.25 h regimen (Table 1:
Traditional three-bag protocol) as used in the UK.
Initially, the recommended duration of the loading dose
infusion was 15 min; however, this was subsequently
increased to 60 min, with the aim of reducing the
number of infusion-related adverse reactions [18].

The pharmacokinetics of intravenous acetylcysteine
was studied by Prescott et al. [19] in 18 presentations of
paracetamol overdose requiring acetylcysteine. These
patients received the traditional three-bag 20.25-h intra-
venous protocol. The mean maximum plasma concentra-
tion was 554 mg l–1 (range: 304–875 mg l–1), with the first
concentration measured at 15 min. Concentrations then
fell rapidly; steady-state concentrations occurred at
12 h and were maintained with a mean concentration
of 35 mg l–1. However, there was considerable individual
variation in clearance, and steady-state concentrations
ranged from 11 mg l–1 to 90 mg l–1. When the infusion
was discontinued, acetylcysteine disappeared with a
mean half-life of 5.7 h [19].

In this same study, adverse reactions tended to occur
early in the infusion, when acetylcysteine concentrations
were highest. Therefore, these reactions are likely to be
concentration related [19]. Furthermore, it is unknown
whether the initial very high concentrations of
acetylcysteine are necessary to protect against hepato-
toxicity. In this small study, liver damage was prevented
just as effectively, regardless of the maximum concen-
tration achieved. The authors concluded that the tradi-
tional regimen (developed by the same centre) was
effective but that it was suboptimal in terms of adverse
effects, the initial concentration, time profile and even
the duration of treatment [11]. However, for four
decades the intravenous on-label dose regimen for
acetylcysteine regimen has remained essentially
unchanged.



Acetylcysteine Regimens
Acetylcysteine adverse effects: rates and risk
factors
Since the introduction of acetylcysteine, there have been re-
ports of adverse reactions, ranging from mild to severe.
These include rash, nausea and vomiting, angioedema, flush-
ing, tachycardia, bronchospasm, hypotension and death
[20–22], with the most common reactions to intravenous
acetylcysteine being nausea, vomiting and cutaneous sys-
temic hypersensitivity reactions [21]. Nausea and vomiting
can also be secondary to the paracetamol overdose itself,
with a rate of vomiting of approximately 12% before anti-
dote treatment reported in some observational studies [23].

The main mechanism for adverse reactions is a
non-immunoglobulin (Ig) E-mediated systemic hyper-
sensitivity (anaphylactic) reaction. This is consistent with
patients suffering moderate-to-severe adverse reactions
having a 2.5-fold increase in histamine concentrations
without elevated tryptase concentrations [24]. By
contrast, IgE-mediated reactions cause mast cell degran-
ulation and elevations in both histamine and tryptase.

Adverse reactions appear to be concentration depen-
dent, occurring almost exclusively within the first hour of
treatment and corresponding to peak acetylcysteine con-
centrations [21]. Various risk factors have been identified
for adverse reactions, with higher rates in females, and
those with a family history of allergy or a past history of
Figure 1
Percentage [95% confidence interval (CI)] of patients with adverse reaction, as
study. All other studies are retrospective
asthma [21, 24–26]. A lower paracetamol concentration
has been associated with both an increased and a de-
creased risk of adverse reactions in various studies [20, 27].

The rates of adverse reactions varies depending on
whether they are measured prospectively or retrospec-
tively and which adverse effects are measured (e.g. total
vs. gastrointestinal vs. systemic hypersensitivity reactions).
Figure 1 (Table supplementarymaterial) reviews a number of
prospective and larger retrospective studies for the rate of
adverse reactions to acetylcysteine. The reported rate varies
widely between studies, from 8.5% to 77% [20, 24–40].

Acetylcysteine treatment ‘failures’: rates and risk
factors
Treatment with acetylcysteine within 8 h of paracetamol
ingestion ensures a nonfatal outcome in nearly all pa-
tients; however, it does not guarantee that the patient
will not develop hepatotoxicity [defined as an alanine
aminotransferase (ALT) and/or aspartate aminotransfer-
ase (AST) level of> 1000 IU l–1). There are numerous case
reports of treatment ‘failures’, where patients have deve-
loped hepatotoxicity despite receiving acetylcysteine
treatment within 8 h [41, 42]. Some observational studies
of both intravenous and oral acetylcysteine treatment
report rates of hepatotoxicity in those treated within
8 h as high as 3–7% [16, 43].
reported in various retrospective and prospective studies. *Prospective

Br J Clin Pharmacol / 81:3 / 473
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Risk factors for those developing hepatotoxicity in
spite of early treatment include high initial paracetamol
concentrations and persistently elevated paracetamol
concentrations at the completion of the 21-h intravenous
acetylcysteine regimen [43]. Various reasons have been
proposed for these treatment ‘failures’, including: incor-
rect timing of ingestion, acetylcysteine protocol error, in-
adequate duration of treatment, an insufficient dose of
acetylcysteine (particularly in large overdoses) or a com-
bination of factors.

In a study in advanced cancer patients receiving up to
1 g kg–1 of paracetamol, a significant number of patients
had delayed and prolonged absorption. The time to peak
concentration occurred within 4 h in only 46% of the
treatment courses, with 49% having a time to maximum
concentration between 4 h and 8 h [44]. Four percent
had two distinct peaks of paracetamol concentration
but a significant number of patients were on opioid anal-
gesics, which can delay gastric emptying, which can de-
lay gastric emptying [44]. This phenomenon of two
peaks of paracetamol has also been reported following
large overdoses. Second peaks occurred at >30 h
postingestion in some cases, and these patients devel-
oped hepatotoxicity despite early acetylcysteine treat-
ment [41, 45]. The probable cause of this double peak is
a pharmacological bezoar and/or co-ingestion of gastro-
intestinal tract-slowing medications [41]. A concern in
these cases is that the decrease in the dose of
acetylcysteine after 4–5 h and/or the cessation of
acetylcysteine at the finish of the standard 21 h protocol
occurs too early and is likely to contribute to increased
rates of hepatotoxicity [41, 45].

The current acetylcysteine regimen is adequate for the
majority of overdoses but many clinical toxicologists feel
that simply following the standard three-bag intravenous
protocol might not be adequate in all paracetamol over-
doses [3]. It is common practice that acetylcysteine is con-
tinued beyond the 20–21-h regimen if patients develop
abnormal liver function tests or continue to have high
paracetamol concentrations [46]. It has been suggested
in large overdoses that the dose of acetylcysteine is inade-
quate and should be increased [43]. Theoretically, with
increasing paracetamol dose and hepatic damage, there
is an increase in the paracetamol half-life and in the total
and proportion of NAPQI produced. Furthermore, a
prolonged paracetamol half-life of greater than 4 h is
known to correlate with the degree of subsequent liver
damage [47]. Increasing the dose and duration of
acetylcysteine is logical. However, there have been no
studies to determine the ingested dose or concentration
of paracetamol at which the acetylcysteine dose should
be increased, and furthermore what that dose increase
should be. Another issue is that, when the paracetamol
concentration is still elevated at the completion of the
standard regimen, it is unclear what dose of acetylcysteine
should be continued beyond the third bag.
474 / 81:3 / Br J Clin Pharmacol
Studied modified intravenous acetylcysteine
protocols
Various different intravenous acetylcysteine regimens have
been studied. Some of these protocols have been outlined
in Figure 2 and Table 1. Theywere selected as they represent
a divergent group from the protocols studied. Most of these
regimens aim to decrease the rate of adverse events [32, 37,
38, 48] and administrative errors [49–51], and also the treat-
ment time [38], while some deliver higher doses of
acetylcysteine [49, 51, 52]. Two were subject to a random-
ized controlled trial [32, 38] against the traditional regi-
men and the remainder have been evaluated in
observational studies. Figure 2 shows the rates of infu-
sion and cumulative acetylcysteine dose administered
in a 70 kg patient, for some of these modified
acetylcysteine regimens. The adverse event rates have
been published for some of these regimens and are
shown in Figure 1 and in the Supporting Information.

Various protocols have lengthened the duration of
administration of the loading dose to 1 h (Table 1) and
this is the current recommended infusion rate in many
parts of the world [39]. However, in a randomized
controlled trial of 180 patients, Kerr et al. found only a
small and nonsignificant reduction in adverse outcomes
with the 60-min loading dose vs. the 15-min (traditional)
loading dose [32].

Oakley et al. [50] and Johnson et al. [49] also used a
150 mg kg–1 60-min loading but with a two stage acetyl-
cysteine regimen of 10 mg kg–1 h–1 and 14 mg kg–1 h–1 of
acetylcysteine, respectively, over 20 h (Table 1). The
aims of these regimens were to simplify acetylcysteine
administration and reduce administration errors. Oakley
et al. performed a retrospective observational study of
his two-bag regimen in a paediatric population
(3 months to 17 years) and found that 49% had
adverse events from acetylcysteine [50]. Johnson used a
single-bag method, to simplify the administration, after the
loading dose was administered all that was required was a
decrease in infusion rate. When Johnson et al. looked
retrospectively at rates of medications errors with his
two-stage, one bag regimen, they still found high rates of
medications errors [49].

Pauley et al. [51] studied a similar regimen to Oakley
et al. and Johnson et al. but with a patient-tailored ap-
proach for the duration of the infusion of the second
bag. The second bag was administered at a dose of
15 mg kg–1 h–1 and acetylcysteine was continued until
the paracetamol concentration was lower than 10 mg l–1

and the liver enzymes remained normal or were falling
[51]. This regimen was reviewed retrospectively in a paedi-
atric population (2 months to 18years). The median dura-
tion of the acetylcysteine infusion for acute overdoses
was 26.3 h (range: 4.25–89 h, n = 56). The mean time for
the paracetamol concentration to be measured as less than
10 mg l–1 was 31.5 ± 9.7 h. Only two patients (3.4%) devel-
oped hepatotoxicity [51]. The authors did not specify in



Figure 2
Acetylcysteine infusion (mg kg–1) and cumulative acetylcysteine dose (g) in a 70 kg patient vs. time, for the traditional and newly proposed regimens. (A)
Traditional regimen (15 min or 60 min loading). (B) Modified 12-h regimen [38]. (C) Two-bag (4-h loading) regimen [37, 48]. (D) Oakley et al. (1 h loading
followed by 10mg/kg/h for 20 h) [50]. (E) Johnson et al. (1 h loading followed by 14mg/kg/h for 20 h) [49]. (F) 48-hour intravenous regimen [52]. Note:
The 48-h intravenous regimen has a different scale for the acetylcysteine cumulative dose and time.

Acetylcysteine Regimens
their protocol when investigations were repeated and
therefore infrequent sampling might have accounted for
the prolonged acetylcysteine infusions in the majority of
patients.

One regimen of particular interest is the 12-h modified
protocol. This modified the loading dose to 100 mg kg–1

over 2 h and also shortened the duration of acetylcysteine
treatment by 8 h, giving a second infusion of 200 mg kg–1

over 10 h. This regimen was derived using a Monte Carlo
simulation of acetylcysteine concentrations based on a
one-compartment model [53]. It was assumed that adverse
reactions were concentration related and occurred at a
peak concentration one standard deviation above the mean
maximum concentration (650mg l–1) found by Prescott et al.
[19] [53]. The simulated data found that this modified regi-
men would result in peak acetylcysteine concentrations
greater than 150 mg l–1 but less than 650 mg l–1 in 99% of
patients, with a mean concentration of acetylcysteine of
30 mg l–1 at 20 h. The authors proposed that this regimen
would administer the same total dose of acetylcysteine but
with lower peak concentrations, and 20-h plasma concentra-
tions comparable to those in the conventional regimen [53].
This modified 12-h protocol was subject to a randomized
controlled trial vs. the traditional protocol and was found
to greatly reduce the incidence of vomiting or retching, or
the need for antiemetics at 2 h (36% vs. 65%, respectively).
There was also a reduced rate of severe anaphylaxis: 5% in
the 12-h modified arm vs. 31% in those receiving the tradi-
tional protocol (Figure 1). Furthermore, only six (6%,
n = 108) in the modified 12-h regimen required a prolonged
acetylcysteine infusion [38].

More recently, other two-bag regimens, with much
slower initial infusions, to decrease the rate of adverse
reactions, have been studied. These included a 4-h
Br J Clin Pharmacol / 81:3 / 475
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loading dose of 200 mg kg–1 followed by 100 mg kg–1

over 16 h [37], and a two-phase infusion protocol [48,
54] using a loading dose of 200 mg kg–1 over 11 h minus
the time since ingestion or over 4 h (whichever is
greater). This regimen commences acetylcysteine on
arrival to hospital if>4 g paracetamol has been ingested.
Observational studies of these two regimens reported
fewer systemic hypersensitivity (4–8%) and severe non-
IgE anaphylactic (0–0.5%) reactions but rates of gastroin-
testinal reactions remained high (27–39%) [37, 48].

All modified regimens that have a much slower load-
ing dose infusion have greatly reduced rates of adverse
reactions [37, 38, 48]. Although the effectiveness of these
modified regimens appears to be the same as that of the
conventional regimen, none of these studies was
powered to determine efficacy [37, 38, 48]. Early treat-
ment is associated with very low rates of hepatotoxicity,
so a trial with large numbers of patients would be
required to prove non-inferiority of one regimen over an-
other in these circumstances.

Questions have been raised as to whether the dose
of acetylcysteine is adequate in those who take large
paracetamol overdoses. Acetylcysteine regimens have
been proposed that increase the dose in those who
ingest large paracetamol overdoses or who have high
paracetamol concentrations. However, there are very
few recommendations or studies concerning when to
increase the acetylcysteine dose and by how much,
and, in addition, it has not been established that this
reduces risk. Proposed regimens commonly suggest
doubling the dose of acetylcysteine in the third infusion
in those with high paracetamol concentrations. A recent
survey of international clinical toxicologists and poison
centres found that 61% of the 164 respondents would
increase the dose of acetylcysteine in the third infusion
in patients with a high paracetamol concentration.
However, the paracetamol concentration at which
the dose should be increased varied widely between
respondents [55].

Larger intravenous doses of acetylcysteine have been
used safely. Heard et al. [52] (initial data published by
Smilkstein et al. [56]) reported the result of a single-
armed, multicentre trial from the US using the much
higher total dose of intravenous acetylcysteine of
980 mg kg–1 over 48 h. In this trial, the intravenous dose
mirrored the oral regimen, with a loading dose of
140 mg kg–1 over 1 h followed by 70 mg kg–1 over 1 h
every 4 h for 12 doses in total (Table 1, Figure 2). The total
adverse event rate was 28.9% (Figure 1). The overall rate of
hepatotoxicity (ALT or AST >1000 U L–1) was 18.1% from
309 patients studied, with a rate of 3.4% in those treated
within 10 h of ingestion. The authors concluded that this
higher dose regimen, with its few adverse events and low
rate of hepatotoxicity, might be useful in selected very
large overdoses. However, the lack of a control arm in
the study makes it difficult to draw conclusions on
efficacy. The majority of patients do not require such a
large or prolonged dose of acetylcysteine.

Rumack and Bateman hypothesized a modified
acetylcysteine regimen based on ingested dose, and that
the duration of treatment could be guided by the calcu-
lated paracetamol half-life [3]. Indeed, for large paraceta-
mol overdoses, a more patient-tailored approach might
be postulated to be beneficial – for example, increasing
the acetylcysteine dose if the patient has a high initial
paracetamol concentration or a prolonged half-life, and
also taking into account liver function tests and coagula-
tion profiles. In the future, novel biomarkers might
also aid this decision [57]. Further studies are required,
to investigate which patients require an increase in
the acetylcysteine dose, and the size and duration of
this increase.
Simulation

To compare these various regimens further, acetylcysteine
concentration–time profiles were simulated. The simulation
was performed in MATLAB (version R2014a, MathWorks,
Natick, MA, USA), and based on a published population
pharmacokinetic model by Brown et al. [58], and was a
three-compartment model. The pharmacokinetic parame-
ters of clearance, intercompartmental clearances and
volumes of distribution were as outlined in a previous simu-
lation of acetylcysteine by Shen et al. [54], and 500 patients
were simulated from the model.

Table 1 and Figure 3 show the results of these simula-
tions. Figure 3 shows the mean simulated acetylcysteine
concentrations vs. time, and the 5th and 95th percentiles.
For the purpose of the simulation, the two-phase
acetylcysteine infusion protocol of Shen et al. [54] was
taken from 7 h post ingestion and hence became the
same protocol as the two-bag 200 mg kg–1 over 4 h load-
ing protocol.

There were notable differences in peak acetylcysteine
concentrations between the conventional regimens and
those with a longer-duration or smaller loading dose,
with mean peak acetylcysteine concentrations of:
1200 mg l–1 with a 150 mg kg–1 loading dose over15 min;
560 mg l–1 with 150 mg kg–1 over 60 min; 260 mg l–1 with
200 mg kg–1 over 4 h; and 225 mg l–1 with 100 mg kg–1

over 2 h–1. Importantly, those regimens with slower
loading and lower reaction rates had consistently lower
peak acetylcysteine concentrations in the modelling
simulations.

The mean acetylcysteine concentrations at 20 h
were greater than 40 mg l–1 in all regimens except
the 12-h modified regimen. The study protocol for
the 12-h modified regimen reported a simulated mean
concentration of acetylcysteine of 30 mg l–1 at 20 h
with a one-compartment model, but when simulated
with the more rigorous three-compartment model it
Br J Clin Pharmacol / 81:3 / 477



Figure 3
Simulated acetylcysteine concentrations vs. time for the traditional and proposed acetylcysteine regimens. (A) Traditional protocol (loading over
15 min); the scale of the y-axis is larger in (A) than in (B) to (G). (B) Loading over 60 min. (C) Modified 12-h protocol [38]. (D) Two-bag loading protocol,
200 mg kg–1 over 4 h [37, 48]. (E) Johnson et al. (1 h loading followed by 14mg/kg/hr for 20 h). [50]. F) Oakley et al. (1 h loading followed by 10mg/kg/hr
for 20 h). [49]. (G) 48-h intravenous protocol [52]; graph simulated to 60 h as a longer infusion of acetylcysteine. Note: for (A) to (G), the time of infusion
commences at 4 h post-ingestion.

A. L. Chiew et al.
was only 18 mg l–1. Hence, this regimen does not appear
to deliver the same acetylcysteine concentration at 20 h
as initially proposed. However, it is not known what the
minimum concentration of acetylcysteine should be at
20 h and, indeed, the majority of patients may not require
such a high concentration. The main concern would be
that this 20-h concentration may be inadequate for larger
and modified-release paracetamol overdoses. In the 12-h
modified regimen, all patients underwent liver function
tests and had the paracetamol concentration and inter-
national normalized ratio (INR) measured at comple-
tion, to determine the need for further acetylcysteine.
In a subsequent commentary, the authors reported that
all patients with no ALT rise also had no detectable
paracetamol at the completion of the infusion [59].
Lower 20-h acetylcysteine concentrations are unlikely
be an issue if paracetamol is no longer detected. Those
with abnormal liver function tests, an INR >1.3 or
detectable paracetamol had continued acetylcysteine
treatment [46]. This high-risk group might indeed have
benefited from continuation of a higher-than-usual
dose of acetylcysteine (200 mg kg–1 over 10 h vs.
100 mg kg–1 over 16 h).

These simulations are useful in enabling the different
regimens to be compared in terms of their peak concen-
tration, area under the under the plasma concentration–
time curve and steady-state concentrations. By simulating
478 / 81:3 / Br J Clin Pharmacol
different regimens, this could help researchers to better
determine which regimens should be studied. However,
the simulations cannot determine the most efficacious
acetylcysteine concentration, the peak value that is re-
quired or which regimen will have the best balance be-
tween adverse effects and efficacy.

Conclusion

Acetylcysteine is a highly effective antidote for paraceta-
mol poisoning and has decreased both morbidity and
mortality following this very common drug overdose.
Various modified regimens have been proposed, most
aiming to decrease the number and severity by increas-
ing the duration of the initial infusion and decreasing
the peak acetylcysteine concentration. From the one ran-
domized controlled trial and a few observational studies
that have been carried out in this area, this approach ap-
pears to be successful. Whether these regimens are still
as effective as traditional ones has yet to be determined.
Further research is required to better determine the opti-
mum acetylcysteine regimen, in terms of dose and dura-
tion of treatment. In the future, patient-tailored regimens
should aim to shorten treatment duration in low-risk
patients and decrease rates of treatment failures in
high-risk patients by altering the dose and/or duration
of treatment.
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