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Abstract
Acetaminophen protein adducts (APAP adducts) were quantified in 157 adolescents and children
presenting at eight pediatric hospitals with the chief complaint of APAP overdose. Two of the patients
required liver transplantation, whereas all the others recovered spontaneously. Peak APAP adducts
correlated with peak hepatic transaminase values, time-to-treatment with N-acetylcysteine (NAC),
and risk determination per the Rumack–Matthews nomogram. A population pharmacokinetic
analysis (NONMEM) was performed with post hoc empiric Bayesian estimates determined for the
elimination rate constants (ke), elimination half-lives (t½), and maximum concentration of adducts
(Cmax) of the subjects. The mean (±SD) ke and half-life were 0.486 ± 0.084 days−1 and 1.47 ± 0.30
days, respectively, and the Cmax was 1.2 (±2.92) nmol/ml serum. The model-derived, predicted
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adduct value at 48 h (Adduct 48) correlated with adduct Cmax, adduct Tmax, Rumack–Matthews risk
determination, peak aspartate aminotransferase (AST), and peak alanine aminotransferase (ALT).
The pharmacokinetics and clinical correlates of APAP adducts in pediatric and adolescent patients
with APAP overdose support the need for a further examination of the role of APAP adducts as
clinically relevant and specific biomarkers of APAP toxicity.

Acetaminophen (APAP) overdose is a common cause of pediatric ingestions,1 and in severe
cases it may result in acute liver failure (ALF).2 Recent data have shown that APAP overdose
is a major cause of ALF in adults in the United States.3 In adults, APAP accounts for ~50%
of cases of ALF,3,4 and in children it accounts for ~13% of cases.2 It is generally recognized
that morbidity in children following an APAP overdose is lower than that in adults.5,6 However,
the etiology of ALF is unknown in ~50% of pediatric cases, and it is possible that APAP
overdose may be a contributory factor in some of these cases. The development of new
biomarkers of drug toxicity may help to facilitate diagnosis and improve the existing
knowledge base of the epidemiology of pediatric ALF.

The Rumack–Matthews nomogram is widely used in hospital emergency departments to make
determinations on the need for treatment with the antidote, N-acetylcysteine (NAC), following
an APAP overdose. The nomogram was derived from time-dependent APAP concentration
data generated from adults with single, acute ingestions of APAP who presented to medical
centers within 24 h of the APAP overdose.7 However, assessing the risk of developing toxicity
is difficult in patients who do not meet these criteria. Examples of patient subgroups for which
the Rumack–Matthews nomogram is not applicable include patients presenting in the late
stages of toxicity (>24 h after the overdose), patients with chronic ingestion of APAP, acute
ingestion in alcoholics,8 patients who concurrently ingest other drugs that may alter gastric
emptying and therefore alter the known kinetic profile of APAP (e.g., opiods, anticholinergic
drugs),9 and patients ingesting sustained-release APAP.10 The development of new
biomarkers of APAP toxicity may prove helpful in the diagnosis and/or management of these
patient subgroups.

The toxicity of an overdose of APAP has been recognized since the 1960s,11,12 and the
mechanisms responsible for the toxicity have been studied and reviewed extensively.13–15
After absorption from the gastrointestinal tract, APAP enters the enterohepatic circulation,
where most of the parent drug is removed by conjugation.16 A small fraction is oxidized by
cytochrome P450 to form the reactive metabolite (N-acetyl-p-benzoquinone imine, NAPQI).
The most significant P450 isoforms in the oxidation of APAP are CYP2E1, CYP1A2, and
CYP3A4.17 Following low doses of APAP, NAPQI is efficiently detoxified by glutathione,
forming the conjugate 3-(glutathione-S-yl)APAP, which is converted to APAP mercapturate
and excreted by the kidney.18 In a situation of APAP overdose or in circumstances that lead
to the depletion of glutathione, the reactive metabolite covalently binds to cellular proteins.
The available evidence indicates that the covalent binding of APAP to protein is the result of
the reaction between NAPQI and cysteinyl sulfhydryl groups on proteins to produce the
corresponding 3-(cystein-S-yl) APAP protein adduct.19,20 However, despite extensive
research, the molecular and cellular events associated with APAP overdose are not adequately
understood, and APAP toxicity remains a significant clinical problem.

In previous studies, our laboratory showed that measurement of APAP protein adducts
(hereafter referred to as “ APAP adducts” or just “adducts”) can be used to identify patients
with occult APAP toxicity.4,21 Most recently, we characterized the pharmacokinetics of APAP
adducts in adults who were having ALF secondary to APAP overdose. Adducts were detected
up to 12 days after APAP overdose,22 and the elimination half-life of adducts far exceeded
that reported for the parent compound, APAP, in overdose.23 The t½ of APAP in adults with
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APAP-related ALF has been reported to be 6.4 h in patients without encephalopathy and 18.4
h in patients with encephalopathy.23

This study was conducted to examine the pharmacokinetics and clinical correlations of APAP
adducts in children and adolescents presenting to pediatric medical centers with APAP
overdose. A knowledge of the toxicokinetics of adducts in patients across the pediatric age
spectrum is necessary to explore the potential applications of this biomarker to the clinical
diagnosis and management of children and adolescents with APAP overdose, particularly those
in whom the Rumack–Matthews nomogram cannot be utilized.

RESULTS
Patient data

The gender composition of the study population was 122 female subjects (77.7%) and 35 male
subjects (22.3%). The majority of the subjects were >12 years of age (130 subjects, 82.8%).
Of the rest, 15 (9.6%) subjects were <2 years old; 4 (2.5%) subjects were 2–6 years old; and
8 (5.1%) subjects were 7–12 years old. The majority of the subjects were Caucasian (129
subjects, 82%). The rest were African-American (16; 10%); Hispanic (6; 4%), and other (6;
4%). Spontaneous recovery occurred in 155 (98.7%) of the study subjects. Two subjects
required liver transplantation, and there were no deaths in the study population. The vast
majority of the overdoses were acute (94.3%; n = 148), and nine were chronic overdoses. Dose
information was available for 78 and 74% of the acute and chronic overdoses, respectively.
The mean reported (±SD) dose of APAP ingested in the acute overdose patients was 633
(±1,647) mg/kg, and in the chronic overdose patients it was 139 (±30) mg/kg/day. NAC was
administered to 141 (90%) of the subjects; gastric decontamination agents used in the study
population were activated charcoal (65, 42.2%), syrup of ipecac (1, 0.6%), and gastric lavage
(18, 11.9%).

APAP adduct values were compared with clinical outcomes and laboratory parameters. Given
that multiple measures were available from each patient, the peak value for APAP adducts was
used for initial correlations with demographic, laboratory, and treatment data. The levels of
adducts did not significantly vary as functions of gender, race, ethnicity, age, or reported dose
of APAP ingested.

Significant correlations were noted between peak APAP adducts and peak aspartate
aminotransferase (AST) (Figure 1, R = 0.843) and also between peak APAP adducts and peak
alanine aminotransferase (ALT) (R = 0.828). These correlations did not vary significantly
according to whether patients were victims of acute ingestions (R = 0.837; n = 148) or chronic
ingestions (R = 0.830; n = 9). The peak APAP adduct level also varied as a function of the
severity of hepatotoxicity, stratified by three toxicity severity groups by peak AST (Figure 2).
Peak APAP adduct levels did not correlate with peak prothrombin time, peak international
normalized ratio, or peak creatinine (data not shown). These data indicate that APAP adducts
correlate with common clinical markers of hepatotoxicity in children and adolescents with
APAP overdose (Figures 1–2).

As mentioned earlier, the Rumack–Matthews nomogram is the risk-assessment tool used in
hospital emergency departments to determine the risk of serious liver toxicity and therefore
the need for treatment with antidotal NAC. Adduct values were analyzed relative to the
nomogram-predicted risk. As shown in Figure 3, peak APAP adducts varied as a function of
risk. A significant percentage of the study cohort did not meet the criteria for use of the
Rumack–Matthews nomogram. In these patients, either the time of the ingestion was unknown
(n = 20) or they presented for medical management >24 h after the APAP overdose (n = 2).
Adduct values were higher in this group than in the other two groups, suggesting that many of
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the patients for whom use of the Rumack–Matthews nomogram was not appropriate did in fact
have serious toxicity.

Treatment with NAC prevents the development of toxicity when administered within 10 h of
an APAP overdose.7,24 In this study, 90% (141) of the study subjects received treatment with
NAC and 54% of those received NAC within 10 h of the overdose. Adduct values were higher
in patients for whom NAC treatment was delayed relative to the APAP overdose, as indicated
in Figure 4.

Overall, the APAP adduct concentrations were well described by a mono-exponential decay
(Figure 5). The population estimate (and SE) for ke was 0.0197 ± 0.00128 h−1, and subjects
sampled within 2 days of ingestion exhibited a population lag time of 1.4 (±1.5 SE) h with an
absorption rate constant, ka, of 0.086 (±0.010 SE) days−1. The intersubject variability for ke
was 23% (±11.6% SE), and the residual error was 22% (±9.0% SE). Adding age (<7 vs. ≥7
years) or Cmax (used as a surrogate for degree of overdose) as potential covariates on ke, did
not improve the model. In the post hoc analysis, subjects with fewer than two samples had
lower Cmax values but ke similar to that in subjects with more than two samples.

A summary of the data relating to the pharmacokinetic analysis of APAP adducts is presented
in Table 1. The data reflect the pharmacokinetics in subjects with two or more samples available
for analysis. Because of the convenience sampling design of the study, a varied number of
samples and sample collection points existed in the study database. On the basis of the model,
the parameter “Adduct 48” was used as an estimate of the projected APAP adduct value at 48
h after ingestion. (This time point was selected because the greater proportion of samples in
the data set were from time points >24 h after ingestion rather than <24 h after ingestion and
because the peak of APAP toxicity is typically thought to occur between 48 and 72 h after
ingestion.24) Adduct 48 included data from all subjects, including those with only one sample.
Adduct 48 was compared with toxicity end points. As demonstrated in Figure 6, Adduct 48
strongly correlated with peak AST (R = 0.625; P < 0.001), and no age association was present.
In addition, Adduct 48 correlated with peak ALT (R = 0.649, P < 0.0001), the model-predicted
Cmax (R = 0.91; P < 0.0001), and the Rumack–Matthews risk prediction (R = 0.62; P < 0.0001).

DISCUSSION
Covalent binding of the APAP reactive metabolite NAPQI to cysteinyl sulfhydryl groups on
protein to produce the corresponding 3-(cystein-S-yl) APAP protein adduct was recognized as
a correlate of APAP toxicity in animal models in the 1980s.25,26 Antisera with specificity for
the 3-(cystein-S-yl) APAP epitope were used to elucidate dose–response and temporal
relationships between the appearance of APAP protein adducts in the liver and in serum
following the administration of hepatotoxic doses of APAP to laboratory mice.25,27 As
hepatocytes lyse, hepatic transaminases and adducts are concurrently released into the serum.
The initial translation of these findings from the experimental setting to the clinical arena
occurred in 1990 when Hinson et al. reported the detection of adducts in adults with severe
APAP overdoses.28 This initial study in humans utilized an ELISA assay and demonstrated
high levels of adducts in patients with treatment delays and severe hepatotoxicity following
APAP overdose. Further studies used western blot assays to examine blood samples obtained
from adolescents and children with APAP overdose and revealed that this approach was labor-
intensive and not adequately sensitive for diagnostic work with human subjects.29 In recent
years, a more precise and sensitive analytical method based on high-performance liquid
chromatography with electrochemical detection30 has been used to quantify APAP-cysteine
from proteolytically digested serum proteins as a measure of the total levels of the APAP
protein adduct biomarker in human peripheral blood. An examination of blood samples from
adults and children with ALF showed that high levels of adducts were invariably present in
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well-characterized cases of APAP overdose resulting in ALF.4,21 In addition, no adducts were
found in patients with other known causes of ALF.4 Further, relatively lower levels of adducts
were found in acute overdose patients who received early antidotal treatment with NAC to
protect against toxicity. In subsequent studies, post hoc analysis of samples from patients with
ALF of unknown etiology was performed, and adducts were detected in 19% of patient
samples, strongly suggesting that APAP was the etiology of the liver injury.4 The conclusion
of likely APAP etiology was further supported by extensive testing for other causes of ALF,
including viral hepatitis, autoimmune liver disease, and metabolic etiologies. Adducts were
also detected in the samples from 15% of children with ALF of unknown etiology.21

In our study of children and adolescents with APAP overdose, significant relationships were
noted between APAP adducts and common, but nonspecific, clinical indicators of liver injury
(Figures 1,2). APAP adducts had a strong correlation with both AST (Figure 1) and ALT. In
addition, the model-derived estimate, Adduct 48, also correlated with peak AST (Figure 6) and
peak ALT. As reported previously for adults with ALF,22 this study also showed the correlation
between adducts and AST (Figure 1) to be slightly stronger than the correlation between
adducts and ALT. Both AST and ALT may be of extrahepatic (in addition to hepatic) origin.
In this regard, the relative abundance of AST in extrahepatic tissues (e.g., heart, skeletal muscle,
blood cells) is greater than that of ALT.31,32 In addition, the primary cytochrome for APAP
metabolism, CYP2E1, is present in extrahepatic tissues (e.g., nasal mucosa, olfactory
epithelium, lung, and kidney)33 and adducts occur in these tissues.34 Therefore it is possible
that a small proportion of adduct formation may be extrahepatic, and necrotic lysis of these
extrahepatic cells contributes, in addition to serum adducts, to a greater proportion of AST than
of ALT, and this may account for the slightly higher correlation of AST with APAP adducts.

As expected, APAP adduct values were higher in patients for whom there had been delays in
treatment with NAC and who had consequently experienced greater toxicity. This finding is
consistent with previously published data showing the effect of NAC treatment on the risk of
developing acute liver injury.5,24 APAP adduct values were also higher in patients at risk for
toxicity per the Rumack–Matthews nomogram (Figure 4). This finding was further supported
by the correlation seen between the model-derived Adduct 48 and the Rumack–Matthews risk
prediction. As mentioned earlier, the Rumack–Matthews nomogram7 is widely used for
assessing the risk of developing toxicity within the first 24 h of acute APAP overdose. The
assessment of risk of hepatotoxicity and determination of the need for treatment with NAC is
difficult in other patient groups, including patients who present in the late stages of toxicity
(>24 h after the overdose), patients with chronic ingestions of APAP, acute ingestions in
alcoholics,8 patients who concurrently ingest other drugs that may alter gastric emptying and
therefore alter the known kinetic profile of APAP (e.g., opiods, anticholinergic drugs),9 and
patients with ingestions of sustained-release APAP.10 The development of biomarkers of
APAP toxicity would have potential clinical applications for these groups of patients with
APAP toxicity. An important difference between assessment based on the Rumack–Matthews
nomogram and one based on determination of adducts is that the former relies on levels of the
parent drug regardless of metabolism, whereas the latter (adduct level) is a measure of the
NAPQI remaining after detoxification by glutathione and also reflects the relative contributions
of phase I and phase II metabolism.

We recently reported that APAP adducts persist in human sera for 12 days in adults with APAP-
related ALF.22 In the adult population with liver failure, the elimination half-life of adducts
was 1.72 (±0.34) days.22 In the less severely ill population in our study, the elimination half-
life was remarkably similar at 1.47 ± 0.30 days. Moreover, the variability for the elimination
half-life for adducts was low (Table 1), and the t1/2 did not significantly vary as a function of
Cmax or of the number of samples obtained (data not shown). The similarity in the values of
elimination half-life in the two populations likely reflects similar rates of proteolytic digestion
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for APAP adducts among them. As APAP adducts become small peptide adducts, they are
removed either through renal clearance or by the sample preparation methodology, which
removes small molecules. Despite the similarity of this parameter to the corresponding data in
adults, the maximum value of adduct observed (Cmax, Table 1) in this study was significantly
lower (1.2 ± 2.9 nmol/ml serum) than the one previously reported for adults with APAP-related
ALF (10.9 ± 9.3 nmol/ml serum). A number of factors are likely to have contributed to the
lower value for Cmax of APAP adducts in this study, including a lower degree of disease
severity. The mortality rate in the adult ALF population was 16.9%, whereas no deaths occurred
in the pediatric and adolescent population. Furthermore, a large percentage of the patients in
our cohort (71.3%) did not develop significant liver injury (peak AST > 1,000 IU/l), either
because of subtoxic ingestions (Figure 2) or because of early NAC intervention (Figure 4).

Several limitations of our study should be noted. As previously mentioned, a significant
percentage of the patients were those with acute overdoses who received timely treatment with
NAC and therefore did not develop significant liver injury. Consequently, the data do not
represent the development of liver toxicity that would be observed in an untreated population.
However, the demographics of our study population are consistent with previous literature
describing the demographic profile of APAP overdose in adolescents and children presenting
to pediatric medical centers. For example, Alander et al. characterized the demographics of
APAP overdose in adolescents and children and noted that 78% of the patients who had
intentionally overdosed were female, 62% were Caucasian, and the mean age of this subgroup
was 14.3 ± 1.3 years.35 In addition, several reports have documented that adolescents fail to
recognize the toxicity potential of APAP taken as an overdose.36,37 Although adduct values
did not significantly vary with gender, race, ethnicity, or age in this study, the fact that there
were only a small number of subjects in the lower age groups may have limited the conclusions
regarding the effect of age on APAP adducts. Another limitation was that the study did not
have the ability to systematically verify exposure to co-ingestants. It is possible that the kinetics
of APAP adducts may be affected by drugs that alter gastric emptying, such as opiods and
anticholinergic drugs. The potential effects of these co-ingestants on the pharmacokinetics of
this biomarker should be examined in future studies.

A troubling aspect in the pediatric population is the occurrence of inadvertent APAP overdose.
A number of possible causes have been cited for the increasing occurrence of this phenomenon,
including the administration of adult formulations to children, the widespread availability of
APAP in over- the-counter cough and cold remedies, and the misconception by the general
public that APAP is nontoxic.36,38,39 Previous literature suggests that patients who present
with unintentional APAP overdose are typically young persons. The diagnosis may be
challenging because of vague histories of APAP dosing and nonspecific symptoms of overdose.
In this setting, the Rumack–Matthews nomogram is of limited use, and the development of
new diagnostic biomarkers would greatly facilitate diagnosis. A recent development in
adolescent drug abuse is the shift toward greater use of prescription drugs,40 as opposed to
street drugs. Opioid/APAP combination products represent a likely target of drug abuse in
adolescents, and the Rumack–Matthews nomogram would not be applicable in this setting of
chronic exposure. Because the appearance of the APAP adduct biomarker factors in the
influences of absorption, phase I and phase II metabolism, and glutathione reserve, this
biomarker has relevance in a number of clinical scenarios involving APAP use and exposure
in susceptible children and adolescents.

In summary, this study found that APAP adducts correlate with measures of toxicity in children
and adolescents with APAP overdose who received timely treatment with NAC. In addition,
elimination characteristics of APAP adducts in this population were similar to those reported
for adults with ALF following APAP overdose. Adducts were also shown to correlate with
time to treatment with NAC and with Rumack–Matthews risk assessment. Further studies are
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needed to examine the effects of co-ingestants on APAP adduct formation and elimination.
With further refinement and testing, this biomarker may ultimately prove to be useful in the
diagnostic evaluation of children with ALF of unknown etiology, given that the elimination
half-life of adducts appears to be greater than that of the parent compound.23 In addition, the
biomarker could potentially be used in patients who present >24 h after APAP ingestion but
before the development of severe liver injury. This study, and recent data in adults with APAP-
related ALF,22 extends our knowledge regarding the relationship of APAP adduct formation
to nonspecific clinical measures of toxicity in humans and further confirms the position of
APAP protein adducts as a clinically relevant and specific biomarker of APAP toxicity.

METHODS
Study population

Serum samples were obtained from 157 adolescents and children from eight participating sites
within the Network of Pediatric Pharmacology Research Units funded by the National Institutes
of Child Health and Human Development. Patients eligible for enrollment presented with a
chief complaint of APAP ingestion. The study was reviewed by the institutional review boards
of all participating sites, informed consent was obtained from the parents of the children, and
assent was obtained from children >7 years of age.

After the subjects were enrolled, serum samples were collected from the study subjects by
convenience sampling at the same time that samples for the routine monitoring of APAP
overdose were obtained. Sampling continued until the time of hospital discharge. Clinical
chemistry samples for the routine monitoring of APAP overdose (hepatic transaminases,
coagulation studies) were obtained at the discretion of the treating physician. The duration of
treatment with NAC and the route of administration of NAC were determined by the treating
physician.

Data collection forms that included historical, demographic, clinical, and laboratory data were
completed by the staff at the enrolling site and sent to the lead site, where they were entered
into an Access data base (Microsoft Office, Redmond, WA).

Analytical method
Serum samples were assayed for APAP adducts using a modification of the previously reported
high-performance liquid chromatography with electrochemical detection assay that has greater
sensitivity than the one we used for our initial reports.4,21,29,30 Assay modifications, including
gel filtration and enhanced proteolytic digestion, resulted in improved sensitivity and efficiency
of the assay.22 The lower limit of quantitation for the assay was 0.03 μmol/l. Final assay results
were expressed as nmol/ml serum.

Clinical end points
Patient data include reported dose (mg/kg) and time of APAP ingestion; history of
concomitantly ingested drugs; administration, duration, and route (intravenous, oral, or both)
of NAC; Rumack–Matthews risk classification (no risk; at risk; or not applicable, defined as
time of overdose unknown, or patient presented at the medical facility >24 h after the overdose)
and outcome (spontaneous recovery, liver transplantation, or death). The overdoses were
categorized as acute (one single ingestion) or chronic (multiple ingestions). The laboratory
tests included ALT, AST, total bilirubin, prothrombin time, international normalized ratio, and
creatinine. Individual subject peak values for each laboratory parameter were analyzed relative
to the peak levels of APAP adducts for the corresponding subject, indicating the peak or
maximum measurement of APAP adduct for the subject. In addition, clinical end points and
APAP adduct values were analyzed relative to the time of reported overdose and expressed in
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24-h increments relative to the time of the overdose. The day of the overdose was defined as
day 0 for these analyses.

Statistical analysis
Nonparametric tests were used for examining differences between subgroups (Kruskal–Wallis,
Mann–Whitney tests). Associations among variables were determined using Spearman’s
correlations. Statistical analysis was performed using SPSS (version 15, SPSS, Chicago, IL).

Pharmacokinetic analysis
The elimination of APAP adducts was analyzed with a population pharmacokinetic approach
using the NONMEM program (version VI, first-order conditional estimation subroutine with
interaction).41 A one-compartment model was used. Other than testing for possible influence
of age and Cmax on elimination, more complex structural models were not evaluated because
of the limited range and number of samples available for the analysis. Given that >90% of the
subjects received treatment with NAC, adduct formation was assumed to be complete for
subjects sampled 3 or more days after ingestion. A first-order input model that included a lag
time was used for subjects sampled within 2 days of ingestion to account for ongoing APAP
adduct production. The amount of APAP adduct was not estimated from APAP dose or other
patient characteristics because the model focused solely on the rate of APAP adduct
elimination. The “apparent doses” of adduct were scaled on the basis of the initially observed
APAP adduct concentrations. The first-order conditional estimation–plus-interaction
estimation method was used, and the model incorporated a combined proportional plus an
additive residual error equal to half of the limit of quantitation. Individual empiric Bayesian
estimates for the elimination rate ke, t½, and Cmax were determined using the post hoc
subroutine. The mean (±SD) number of samples available per patient was 2.48 (±1.29) and
sample availability for the entire population was as follows: 1 sample (32 subjects); 2 samples
(61 subjects); 3 samples (38 subjects); 4 samples (16 subjects); 5 samples (7 subjects); 6
samples (0 subjects); 7 samples (1 subject); 8 samples (2 subjects).
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Figure 1.
Correlation of peak acetaminophen (APAP) adducts with peak aspartate aminotransferase
(AST) in children and adolescents with APAP overdose.
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Figure 2.
Box plots depicting the relationship of adducts to toxicity as a function of severity subgroups
determined by aspartate aminotransferase level. The box plots show the median (line) and 25–
75% interquartile range for adducts by toxicity severity subgroups (circles represent outliers).
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Figure 3.
Relationship of adducts to Rumack–Matthews nomogram-based risk stratification. The box
plots show the median (line) and 25–75% interquartile range for adducts by toxicity severity
subgroups (circles represent outliers and asterisks represent extreme values).
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Figure 4.
Relationship of APAP adducts to time-to-first-dose of N-acetylcysteine (NAC). The box plots
show the median (line) and 25–75% interquartile range for adducts stratified by time-to-first-
dose of NAC (circles represent outliers and asterisks represent extreme values).
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Figure 5.
Adduct concentration vs. time plot for individual subjects with >2 samples available for
analysis. The thick solid line represents the population elimination.
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Figure 6.
Raw data points showing correlation of Adduct 48 with peak aspartate aminotransferase (AST).
No association was noted for age.
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