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Abstract
Background and Objective Combined acetaminophen and ibuprofen are common antipyretic and analgesic drugs. Formula-
tion and feeding affect drug absorption. Drug clearance has a nonlinear relationship with total body weight. The covariate 
effect of fat mass on acetaminophen and ibuprofen pharmacokinetics remains unexplored. This study sought to quantify 
acetaminophen and ibuprofen pharmacokinetics with intravenous, tablet, sachet and oral suspension formulations in fed and 
fasted states.
Methods Pooled time–concentration data for acetaminophen and ibuprofen were available from fasting and fed healthy 
adults. Data from intravenous, tablet, sachet and suspension formulations were analysed using nonlinear mixed-effects 
models. Body composition was considered as a covariate on clearances and volumes of distribution (Vd). Size metrics inves-
tigated were total body weight, fat and fat-free mass. Theory-based allometry was used to scale pharmacokinetic parameters 
to a 70 kg individual. A factor on absorption half-life and lag time quantified delays due to feeding for oral formulations. 
Pharmacokinetic-pharmacodynamic simulations were used to explore the time courses of pain response for acetaminophen 
and ibuprofen for each formulation.
Results Pooled data included 116 individuals (18–49 years, 49–116 kg) with 6095 acetaminophen and 6046 ibuprofen 
concentrations available for analysis. A two-compartment pharmacokinetic model with first-order elimination described 
disposition for both drugs. Normal fat mass was the best covariate to describe acetaminophen clearance (CL), with a fac-
tor for fat contribution (FFATCL) of 0.816. Acetaminophen volume of distribution was described using total body weight. 
Normal fat mass was the best covariate to describe ibuprofen clearance (FFATCL = 0.863) and volume of distribution: 
(FFATV = 0.718). Clearance and central volume of distribution were 24.0 L/h/70 kg and 43.5 L/h/70 kg for acetaminophen. 
Ibuprofen clearance and central volume of distribution were 3.79 L/h/70 kg and 10.5 L/h/70 kg. Bioavailability and absorp-
tion half-life were 86% and 12 min for acetaminophen and 94% and 27 min for ibuprofen. Absorption lag times were 5.3 
min and 6.7 min for acetaminophen and ibuprofen, respectively. Feeding increased both absorption half-life and absorption 
lag time when compared to the tablet formulation under fasting conditions. Feeding had the most pronounced effect on the 
lag time associated with tablet formulation for both drugs. Time to a pain score reduction of 2 points (visual analogue score, 
0–10) differed by only 5–10 min across all formulations for acetaminophen and ibuprofen.
Conclusion Fat mass was an important covariate to describe acetaminophen and ibuprofen pharmacokinetics. The absorption 
half-lives of acetaminophen and ibuprofen were increased in fed states. The delay in absorption, quantified by a lag time, 
was protracted for both drugs.
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Key Points 

The pharmacokinetic parameters clearance and volume 
of distribution can be used to calculate drug dose. Fat 
mass has an impact on acetaminophen clearance and on 
both clearance and volume of distribution for ibuprofen.

Feeding decreases the rate and extent of absorption for 
acetaminophen and ibuprofen tablet, suspension and 
sachet formulations.

The acetaminophen and ibuprofen formulations investi-
gated had no meaningful clinical impact on the reduction 
of pain score.

1 Introduction

Acetaminophen and ibuprofen are first-line analgesics that 
can be used to control pain in children and adults [1, 2]. 
Both drugs have analgesic and antipyretic properties. The 
primary site of acetaminophen action is debated but its 
effects are thought to be exerted via inhibition of prosta-
glandin synthesis [3]. Prostaglandin  H2 synthase (PGHS) is 
the enzyme responsible for the metabolism of arachidonic 
acid to the unstable prostaglandin  H2. The two major forms 
of this enzyme are the constitutive PGHS-1 and the induc-
ible PGHS-2. PGHS comprises two sites: a cyclooxygenase 
(COX) site and a peroxidase (POX) site. The conversion 
of arachidonic acid to prostaglandin  G2 is dependent on a 
tyrosine-385 radical at the COX site. Acetaminophen acts 
as a reducing co-substrate on the POX site and lessens the 
amount of tyrosine-385 radical at the COX site. Nonsteroidal 
anti-inflammatory drugs (NSAIDs) act by reducing prosta-
glandin biosynthesis through inhibition at the COX site of 
PGHS [4]. Although both drugs act through inhibition of 
prostaglandin  H2 synthase (PGHS), acetaminophen lacks the 
anti-inflammatory effects of the NSAIDs [5].

Multimodal analgesia is desirable for pain control. Com-
bining drugs with distinct mechanisms of action reduces the 
dose requirements of individual analgesics and spares the 
use of opioids [6]. Due to different mechanisms of action, 
acetaminophen and ibuprofen can be combined without 
increasing the incidence of adverse effects such as hepatic 
[7] or gastrointestinal [8] toxicity. The pharmacodynamics of 
combined acetaminophen and ibuprofen have been described 
using response surface methodology [2, 9].

In clinical trials, combined acetaminophen and ibupro-
fen (500 mg acetaminophen + 150 mg ibuprofen and 325 
mg acetaminophen + 97.5 mg ibuprofen) was effective in 

the control of pain following tooth extraction [1, 10]. The 
combination of acetaminophen and ibuprofen is superior to 
analgesia from either drug alone, with participants receiving 
combination therapy less likely to require additional analge-
sia for breakthrough pain [1, 11, 12].

Pharmaceutical formulations of combined acetaminophen 
and ibuprofen have been developed: a sachet formulation 
to facilitate faster absorption than a tablet, an intravenous 
formulation, and an oral suspension formulation indicated 
for use in children 2–12 years old. Feeding can affect the rate 
and extent of drug absorption due to physiological changes 
in the gastrointestinal tract (e.g. altered gastric emptying 
rate or pH) or by physical interactions with food and drug 
molecules [13].

The pharmacokinetic parameters clearance (CL) and vol-
ume of distribution (Vd), which are used to determine dose, 
may be different in the obese compared to the non-obese 
[14–19]. The composition of the body can be considered 
in its simplest form as consisting of fat mass and fat-free 
mass. Fat-free mass can be predicted in adults using age, sex, 
weight and height [20]. Combinations of components may 
be used to predict both CL and Vd. One body composition 
descriptor may be suitable for the loading dose and another 
required for the maintenance dose because Vd and CL, which 
are responsible for these different dosing phases, are inde-
pendent of each other. Covariate effects of body composition 
on acetaminophen pharmacokinetics have been described 
[21] but remain unexplored for ibuprofen.

The objective of this study was to describe acetami-
nophen and ibuprofen pharmacokinetics with intravenous, 
tablet, sachet and oral suspension formulations. Specifically, 
we aimed to quantify the influence of feeding in healthy 
adult volunteers and to assess body composition as a covari-
ate to describe differences between individuals in acetami-
nophen and ibuprofen pharmacokinetics.

2  Methods

Pooled time–concentration data for acetaminophen and ibu-
profen were available from fasting and fed healthy adults 
[22]. Data from intravenous, tablet, sachet and suspension 
formulations were analysed using nonlinear mixed-effects 
models.

2.1  Data Sources

These studies were approved by the Jordan Food 
and Drug Administration and were registered with 
the Australian New Zealand Clinical Trial Regis-
t r y  (AFT-MXIV-01—ACTRN12614000809639; 
A F T - M X I V - 0 6 — A C T R N 1 2 6 1 5 0 0 1 2 0 8 5 9 4 ; 
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A F T - M X - 1 4 a -  A C T R N 1 2 6 1 6 0 0 0 4 1 8 4 7 1 ; 
AFT-MX-14b—ACTRN12616000419460).

2.1.1  Study 1 (MXIV‑01)

This study was a phase I, single-centre, single-dose, open-
label, randomised, five-way crossover trial in 30 healthy 
adult participants. Treatments were:  Maxigesic® IV (an 
intravenous formulation of acetaminophen 1000 mg + ibu-
profen 300 mg in a 100 mL infusion); intravenous aceta-
minophen 1000 mg in a 100 mL infusion; intravenous ibu-
profen 300 mg in a 100 mL infusion; half-dose  Maxigesic® 
IV (acetaminophen 500 mg + ibuprofen 150 mg in a 100 
mL infusion); and two  Maxigesic® film-coated tablets (each 
tablet containing acetaminophen 500 mg + ibuprofen 150 
mg). Subjects were fasted for at least 10 h prior to drug 
administration. Intravenous formulations were infused over 
15 min into an intravenous cannula. Eighteen blood samples 
were drawn after intravenous administration. Samples were 
obtained before the first dose was administered, on com-
pletion of the 15 min of infusion, and at 5, 10, 15, 20, 30, 
and 45 min and 1, 1.25, 1.5, 2, 3, 4, 6, 8, 10 and 12 h after 
completion of infusion. Sixteen blood samples were drawn 
after tablet administration. Samples were obtained before the 
first dose was administered and at 5, 10, 20, 30, and 45 min 
and 1, 1.25, 1.50, 2, 3, 4, 6, 8, 10 and 12 h after the study 
drug administration.

2.1.2  Study 2 (MXIV‑06)

This study was a phase I, single-centre, single-dose, open-
label, randomised, four-way crossover trial in 30 healthy 
adult participants. Treatments were:  Maxigesic® IV (an 
intravenous formulation of acetaminophen 1000 mg + ibu-
profen 300 mg in a 100 mL infusion);  Ofirmev® (intravenous 
acetaminophen 1000 mg in a 100 mL infusion);  Caldolor® 
(intravenous ibuprofen 400 mg in a 4 mL infusion); and 
three  Maxigesic® film-coated tablets (each tablet contain-
ing acetaminophen 325 mg + ibuprofen 97.5 mg). Subjects 
were fasted for at least 10 h prior to drug administration. 
 Maxigesic® IV and  Ofirmev® were administered as an intra-
venous infusion over 15 min into an indwelling intravenous 
cannula.  Caldolor® was administered as an intravenous 
infusion over 30 min into an indwelling intravenous can-
nula. Eighteen blood samples were drawn after intravenous 
administration. Samples were obtained before the first dose 
was administered, on completion of the intravenous infu-
sion, and at 5, 10, 15, 20, 30, and 45 min and 1, 1.25, 1.5, 2, 
3, 4, 6, 8, 10 and 12 h after completion of infusion. Sixteen 
blood samples were drawn after tablet administration. Sam-
ples were obtained before the first dose was administered 
and at 5, 10, 20, 30 and 45 min and 1.00, 1.25, 1.50, 2, 3, 4, 
6, 8, 10 and 12 h after drug administration.

2.1.3  Study 3 and Study 4 (MX‑14a and 14b)

Each of these studies was a single-centre, open-label, ran-
domised, single-dose study with a four-way crossover 
design. There were 28 healthy adult participants enrolled 
in each study. The same drug treatments were administered 
under fasting conditions in Study 3 and fed conditions in 
Study 4. Treatments were:  Maxigesic® Oral Suspension (an 
oral liquid formulation of 1000 mg acetaminophen + 300 
mg ibuprofen in 31.25 mL [160 mg acetaminophen + 48 mg 
ibuprofen/5 mL]);  Maxigesic® Sachet (a powder formulation 
of 1000 mg acetaminophen + 300 mg ibuprofen dissolved in 
200 mL water);  Maxigesic®, two film-coated tablets (total 
dose 1000 mg acetaminophen + 300 mg ibuprofen); and 
 Maxigesic® 325, three film-coated tablets (total dose 975 mg 
acetaminophen + 292.5 mg ibuprofen). There was a washout 
period of 3 days between each two consecutive study drug 
administrations. Fourteen blood samples were drawn from 
each individual. Samples were obtained pre-dose and at 5, 
15, 30, and 45 min and 1, 1.25, 1.50, 2, 3, 6, 8, 10 and 12 h 
post dose in each period. The total volume of blood drawn 
did not exceed 42 mL.

2.2  Drug Assay

Acetaminophen and ibuprofen concentrations were meas-
ured with liquid chromatography–tandem mass spectrom-
etry (LC/MS/MS). A set of nine acetaminophen nonzero 
(0.05–20 mg/L) calibration standards were prepared. Quality 
control samples were prepared at concentrations of 0.15, 2.5, 
10 and 15 mg/L. A set of ten ibuprofen nonzero calibration 
standards between 0.05 and 35 mg/L were prepared. Quan-
tity control samples were prepared at 0.15, 1.25, 12.5, 17.5 
and 27 mg/L.

Calibration standards and quality controls for both drugs 
were prepared in human plasma. Acceptable limits of preci-
sion and accuracy for calibration standards were ± 15% and 
± 20% at the lower limit of quantification (LLOQ) for aceta-
minophen and paracetamol, respectively. The LLOQ for both 
assays was 0.05 mg/L. Data below LLOQ were treated as 
zero. Correlation coefficients were equal to or greater than 
0.99.

2.3  Pharmacokinetic Modelling

Acetaminophen and ibuprofen pharmacokinetics were inves-
tigated using one- and two-compartment models with first-
order elimination and first-order absorption with a lag time 
for formulations given orally. Population analyses were per-
formed using nonlinear mixed effects models (NONMEM 
7.5, ICON Development Solutions, Hanover, MD, USA). 
Pharmacokinetic models were parameterised in terms of 
elimination clearance (CL) from the central compartment, 



500 J. D. Morse et al.

intercompartment clearances (Q2), central and peripheral 
volumes of distribution (e.g. V1, V2), absorption half-life 
(T1/2 ABS) and lag time (TLAG). An additional factor (FFED) 
was used to quantify the effect of feeding on T1/2 ABS and 
TLAG for each drug formulation. Size differences were 
described using the following equation [23, 24]:

 where Fsize is the fractional difference in size when scaled 
using allometry and WT is the weight of the ith individual. 
The allometric theory-based exponent (EXP) was fixed at ¾ 
for clearance parameters and 1 for distribution volumes [25].

The covariate effect of body composition on the pharma-
cokinetic parameters CL and Vd was investigated using total 
body mass (TBM, kg), fat-free mass (FFM, kg) and normal 
fat mass (NFM, kg). FFM was predicted using

 where  WHSmax is the maximum FFM for any given height 
(HT, m) and  WHS50 is the TBM value when FFM is half of 
 WHSmax. For men,  WHSmax is 42.92 kg/m2 and  WHS50 is 
30.93 kg/m2, and for women  WHSmax is 37.99 kg/m2 and 
 WHS50 is 35.98 kg/m2 [20].

NFM is a size descriptor based on allometric theory 
describing contributions from fat mass and FFM. NFM is 
FFM plus a component of fat mass which can be described 
using the parameter Ffat (Eq. 3) [26]. The effect of FFM on 
CL and V was assessed by fixing Ffat at zero (i.e. consider-
ing the effect of FFM alone) (Eq. 4).

Allometric body mass can be determined using a standard 
value for NFM known as  NFMSTD. The standardised value 
for NFM can be defined using a FFM of 56.1 kg, which is 
expected for a male with a TBM of 70 kg and height of 1.76 
m [26]. Theory-based allometric scaling can be used to com-
pare CL values in terms of a standardised NFM value, most 
widely expressed for a 70 kg individual, with an allometric 
exponent of ¾. This is shown in Eq. (5). The effects of size 
and body composition on drug pharmacokinetics can be pre-
dicted using NFM, allometric theory and the separation of 
body mass into its fat and fat-free components [27].

(1)Fsize =

(

WTi

WTSTD

)EXP

(2)FFM = WHSmax × HT2

[

TBM
(

WHS50 × HT2 + TBM
)

]

(3)NFM = FFM + Ffat × FAT

(4)FAT = TBW − FFM

(5)CLi = CLSTD ×

(

NFMi

NFMSTD

)3∕4

2.4  Random Effects

2.4.1  Individual Parameter Model

Population parameter variability (PPV) was accounted 
for using an exponential model for the random effect vari-
ables (η) (Eq. 6). This assumes a log-normal distribution 
and avoids parameter estimates falling below biologically 
plausible values. Each of these random variables (η) was 
assumed to have mean of 0 and a variance denoted by ω2, 
which was estimated. Between-subject parameter variability 
is expressed as an apparent coefficient of variation [CV (%)] 
obtained from the square root of the variance estimate.

where Pij is the parameter for the ith individual on the jth 
occasion, and Ppop is the population parameter estimate for 
the parameter P (e.g. CL, V).

The covariance between two elements of η (e.g. CL and 
V) is a measure of the statistical association between these 
two variables. Their covariance is related to their correla-
tion (R):

2.4.2  Observational Model

Residual unidentified variability (RUV) was modelled 
using both proportional  (RUVPROP) and additive residual 
 (RUVADD) errors. The between-subject variability (ηRUV,i) 
of RUV components was also estimated:

All parameters were estimated using the first-order con-
ditional interaction estimate method of NONMEM 7.5. The 
convergence criterion was three significant digits.

2.5  Model Selection

The minimum value of the objective function (OBJ [− 2log-
likelihood (− 2LL)] provided by NONMEM served as a 
guide during model building. Model selection was also 
based on parameter plausibility and prediction-corrected 
visual predictive check (pcVPC) plots [28]. For two nested 
models, a decrease in the minimum value of the objective 
function (ΔOBJ) of 3.84 points for an added parameter was 
considered significant at the 0.05 level. One hundred nonpar-
ametric bootstrap replications were used to estimate param-
eter means and 95% confidence intervals (CIs) as a measure 

(6)Pij = Ppop e
�i

(7)
R =

Covariance
√

�
2
CL

× �
2
V

(8)SDij =

√

(

(

Obsij ⋅ θRUV_CV
)2

+
(

θRUV_SD
)2
)

⋅e�PPVRUV i
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of parameter uncertainty [29]. Results from the population 
models are presented as parameter estimates, together with 
their 95% CIs.

2.6  Quality of Fit

The quality of fit during model building was assessed by 
visual inspection of diagnostic plots (e.g. observed versus 
predicted concentrations and residual plots). Bootstrap meth-
ods, incorporated within the Wings for NONMEM program, 
provided a means to evaluate parameter uncertainty [30]. A 
total of 100 replications were used to estimate parameter 
confidence intervals. A pcVPC [31], a modelling tool that 
estimates the concentration prediction intervals and graphi-
cally superimposes these intervals on observed concentra-
tions after a standardised dose, was used to evaluate how 
well the model predicted the distributions of the observed 
acetaminophen and ibuprofen concentrations. The pcVPC 
accounts for differences in covariates such as dose, weight, 
height and sex within the study population [32]. Observa-
tions and simulations are multiplied by the population base-
line value divided by the individual-estimated baseline.

In any model, the quality of the individual parameter esti-
mate will depend heavily on the observed data available. For 
example, sparse data can result in reduced variance (ω2) of 
parameter estimates and distortions of the distribution shape. 
If no data are available on a particular individual, the indi-
vidual’s estimate will be equal to the population value; the 
variance shrinks towards zero as the quantity of information 
at the individual level diminishes—a phenomenon defined 
as η shrinkage (Shη). The shrinkage (Sh� %) was calculated 
using

where SD approximates the standard deviation. When there 
is no shrinkage, the model is correct, and individual data are 
sufficiently abundant for individual parameter estimation. 
Data contain virtually no information about these parameters 
when shrinkage is 100% and the individual parameter values 
approach the typical parameter value.

2.7  Simulation

Demographic information from Studies 1 to 4 were pooled 
and resampled with replacement 1000 times to create a sim-
ulation datafile. Acetaminophen and ibuprofen concentra-
tions were simulated at 5, 15, 30 and 45 min and 1, 1.25, 1.5, 
2, 3, 6, 8, 10 and 12 h after drug administration. The final 
pharmacokinetic models for acetaminophen and ibuprofen 
were used to simulate the maximal concentration (CMAX) 
and the time taken to reach maximal concentration (TMAX) 

(9)Sh�% = 100 ×
{

1 − SD(�)∕
�

}

,

after acetaminophen 1000 mg and ibuprofen 300 mg for tab-
let, suspension and sachet formulations.

The impact of absorption differences attributable to for-
mulation and the effects on plasma concentration and visual 
analogue pain score (0–10) were assessed using simulation. 
A pharmacodynamic model for combined acetaminophen 
and ibuprofen (Supplementary Table S4) [33] was used to 
simulate the concentration–response relationship for each 
drug formulation in the fasting states. Drug effect was meas-
ured as a reduction in a 10-point pain scale. A reduction of 
the pain score by 2 points was considered clinically relevant 
[34].

Pharmacokinetic parameter estimates were obtained 
from the current final acetaminophen and ibuprofen models. 
Simulations were performed in Berkeley Madonna (Robert 
Macey and George Oster of the University of California, 
Berkeley, USA) for a typical 70 kg individual given aceta-
minophen 1000 mg or ibuprofen 300 mg.

3  Results

There were with 6,095 acetaminophen and 6,046 ibuprofen 
concentrations amenable for modelling from 116 individu-
als. Demographic details for the pooled study participants 
are shown in Table 1. The distributions of participant age 
and weight are shown in Supplementary Fig. S1. A two-
compartment disposition model better described time–con-
centration data for acetaminophen and ibuprofen than a 
one-compartment model (ΔOBJ − 3309.885 and − 624.355, 
respectively, for two additional parameters). The model-
building steps and the influence of each covariate on OBJ 
are shown in Supplementary Table S1.

Allometric scaling of NFM was the best covariate on 
acetaminophen clearance, with a factor for fat (FFAT) on CL 
of 0.816. Acetaminophen volume of distribution was best 
described using TBW. Allometric scaling of NFM was the 
most suitable covariate for ibuprofen clearance and volume 
of distribution. Ibuprofen FFATs on CL and Vd were 0.863 
and 0.718, respectively.

Table 1  Demographic summary 
of the study participants 
(N = 116) used in the pooled 
analysis

Values are presented as median 
(range) or count
BMI body mass index

Parameter Value

Age (years) 24 (18–49)
Weight (kg) 70.8 (49–116)
Height (cm) 173 (156–199)
BMI (kg/m2) 23.9 (18.6–31.4)
Sex (M/F) 93/23
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The final pharmacokinetic parameter estimates are shown 
in Table 2 for acetaminophen and Table 3 for ibuprofen. 
The correlation between pharmacokinetic subject variabil-
ity for clearance (CL), volume of distribution of the central 
compartment (V1), intercompartmental clearance (Q2) and 
volume of distribution of the peripheral compartment (V2) 
is shown in Supplementary Table S2. Prediction-corrected 
visual predictive checks for the final acetaminophen and ibu-
profen models are shown in Fig. 1. Further diagnostic plots 
are available in the Supplementary Material.

Addition of a lag time on oral administration improved 
the base model for acetaminophen and ibuprofen (ΔOBJ: 
− 1750.81 and − 636.468, respectively). The final model 
quantified the influence of feeding on the absorption param-
eters TLAG and T1/2 ABS for each drug formulation. When fed, 
acetaminophen T1/2 ABS for the tablet formulation was 1.9-
fold slower than the tablet under fed conditions, and the lag 
time on the tablet formulation increased 4.6-fold under fed 
conditions. The increase in lag time attributed to feeding was 

not as pronounced with the sachet or suspension formulation 
(2-fold and 3-fold, respectively). Tablet ibuprofen admin-
istered in fed states resulted in a slower (1.6-fold) T1/2 ABS 
compared with that observed with a tablet administered 
in the fasted state. Feeding increased T1/2 ABS 2.5-fold and 
4-fold with suspension and sachet formulations. The largest 
increase in lag time with feeding was 3.7-fold, and was asso-
ciated with the ibuprofen tablet formulation. Bioavailability 
on oral formulations was 86% for acetaminophen and 94% 
for ibuprofen.

Simulated CMAX and TMAX for acetaminophen and ibupro-
fen oral formulations in the fed and fasting states are shown 
in Table 4. Acetaminophen CMAX is achieved more rapidly 
under fasting conditions for all oral formulations (e.g. tablet 
TMAX 0.61 h versus 0.88 when fed). Ibuprofen tablet TMAX 
is more rapid under fasting conditions than under fed condi-
tions (1.2 h versus 0.94 h). Acetaminophen and ibuprofen 
suspension and sachet simulated TMAX values are shorter in 
fasting states compared with fed states.

Table 2  Acetaminophen 
population pharmacokinetic 
parameter estimates for the final 
model

V1 volume of distribution of the central compartment, V2 volume of distribution of peripheral compart-
ment, CL clearance, Q intercompartmental clearance, T1/2 ABS absorption half-life, FIBU oral bioavailabil-
ity, TLAG lag time, FFATCL factor for fat on CL, FFATV factor for fat on V. Factor on acetaminophen 
T1/2 ABS when fasted (F_FAST_TABS) or fed (F_FED_TABS). Factor on acetaminophen TLAG when fasted 
(F_FAST_LAG) or fed (F_FED_LAG). Acetaminophen tablet in the fasted state is the baseline for T1/2 ABS 
and LAG. RUVADD additive residual unidentified variability, RUVPROP proportional residual unidentified 
variability, PPV% population parameter variability, Sh� % shrinkage. Size is accounted for using theory-
based allometric scaling to a 70 kg individual with the allometric exponents of ¾ for CL and 1 for V. 
PPV% = 

√

variance of population parameter. Bootstrap median values were determined from 100 bootstrap 
estimates

Parameter Estimate Bootstrap median 95% CI PPV% Sh�%

CL (L/h/70 kg) 24.0 24.0 23.2, 24.3 17.3 6.6
Q2 (L/h/70 kg) 43.5 43.5 43.1, 52.1 61.5 25.3
V1 (L/70 kg) 43.7 43.6 34.3, 43.7 53.7 25.7
V2 (L/70 kg) 29.7 29.7 28.4, 32.8 46.6 24.0
FFATCL 0.816 0.817 0.803, 0.951 – –
FFATV 1 FIX 1 FIX – – –
FPARA 0.859 0.859 0.848, 0.862 14.5 16.1
T1/2 ABS (min) 11.5 11.5 11.0, 11.6 85.6 3.2
TLAG (min) 5.30 5.33 5.19, 5.83 96.0 9.9
Factors on T1/2 ABS and TLAG when fasted
 F_FAST_TABS (Suspension) 0.394 0.389 0.165, 0.458 – –
 F_FAST_TABS (Sachet) 0.462 0.461 0.313, 0.503 – –
 F_FAST_LAG (Suspension) 0.743 0.737 0.597, 751 – –
 F_FST_LAG (Sachet) 0.845 0.844 0.761, 0.857 – –

Factors on T1/2 ABS and TLAG when fed
 F_FED_TABS (Tablet) 1.87 1.87 1.48, 1.95 – –
 F_FED_TABS (Suspension) 2.52 2.52 2.29, 2.59 – –
 F_FED_TABS (Sachet) 2.30 2.30 2.3, 3.0 – –
 F_FED_LAG (Tablet) 4.63 4.63 4.46, 4.82 – –
 F_FED_LAG (Suspension) 2.93 2.93 2.39, 2.95 – –
 F_FED_LAG (Sachet) 2.10 2.10 1.77, 2.16 – –
  RUVADD (mg/L) 0.064 0.064 0.061, 0.095 105 45.6
  RUVPROP (%) 7.0 7.0 6.7, 10.6 -
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Simulation was used to describe the pain time course after 
drug administration (Supplementary Fig. S2). These demon-
strate that although CMAX may be greater and TMAX shorter 
for the sachet than those predicted for the tablet, effect (pain 
relief score) is similar for both formulations. Time to peak 
effect for sachet is shorter than for the tablet formulation 
(e.g. 10 min for paracetamol in the fasted state). The time 
taken to achieve a meaningful reduction in pain score (e.g. 
2 points on a visual analogue pain score of 0–10) differed 
by only 5–10 min across all formulations for acetaminophen 
and ibuprofen (Supplementary Table S4).

4  Discussion

Population pharmacokinetic parameters were estimated for 
acetaminophen and ibuprofen using two-compartment dispo-
sition models after pooling time–concentration data obtained 

from healthy fed and fasted adults. The influence of feeding 
on absorption was described using a pharmacokinetic com-
partmental method. Data were available following intrave-
nous and oral routes of administration, enabling the estima-
tion of the absorption parameters bioavailability, absorption 
half-life and lag time (F, T1/2 ABS and TLAG, respectively). 
Oral routes included tablet, sachet and oral suspension 
formulations containing both acetaminophen and ibupro-
fen, allowing quantification of the influence of feeding on 
absorption parameters for each oral formulation. Clearance 
and volume of distribution are the primary pharmacokinetic 
parameters used to determine maintenance and loading dose. 
Allometric scaling of total body weight [25] is an important 
covariate used to describe the variability associated with 
these pharmacokinetic parameters between individuals [21].

Clearances and volumes of distribution are independ-
ent of dose, formulation and feeding. Studies investigating 
drug absorption frequently express clearances confounded 

Table 3  Ibuprofen population 
pharmacokinetic parameter 
estimates for the final model

V1  volume of distribution of the central compartment, V2 volume of distribution of peripheral compart-
ment, CL clearance, Q intercompartmental clearance, T1/2 ABS absorption half-life, FIBU oral bioavailabil-
ity, TLAG lag time, FFATC L factor for fat on CL, FFATV factor for fat on V. Factor on ibuprofen T1/2 ABS 
when fasted (F_FAST_TABS) or fed (F_FED_TABS). Factor on ibuprofen TLAG when fasted (F_FAST_
LAG) or fed (F_FED_LAG). Ibuprofen tablet in the fasted state is the baseline for T1/2 ABS and LAG. 
RUVADD additive residual unidentified variability, RUVPROP proportional residual unidentified variability, 
PPV% population parameter variability, Shη % shrinkage. Size is accounted for using theory-based allomet-
ric scaling to a 70 kg individual with the allometric exponents of ¾ for CL and 1 for V. PPV% = 

√

variance 
of population parameter. Bootstrap median values were determined from 100 bootstrap estimates

Parameter Estimate Bootstrap median 95% CI PPV% Sh�%

CL (L/h/70 kg) 3.79 3.82 3.62, 4.08 22.1 28.8
Q2 (L/h/70 kg) 10.5 10.5 9.68, 11.05 66.0 25.4
V1 (L/70 kg) 6.05 6.06 5.80, 6.50 30.2 21.7
V2 (L/70 kg) 4.37 4.41 4.30, 4.76 53.0 15.8
FFATCL 0.863 0.863 0.837, 0.913 – –
FFATV 0. 718 0.718 0.683, 0.770 – –
FIBU 0.941 0.942 0.940, 0.948 5.1 26.5
T1/2 ABS (min) 26.7 26.9 26.6, 28.8 78.7 7.4
TLAG (min) 6.66 6.78 5.99, 7.56 80.9 8.9
Factors on T1/2 ABS and TLAG when fasted
 F_FAST_TABS (Suspension) 0.719 0.682 0.485, 0.833 – –
 F_FAST_TABS (Sachet) 0.235 0.227 0.139, 0.243 – –
 F_FAST_LAG (Suspension) 0.984 0.975 0.490, 1.00 – –
 F_FST_LAG (Sachet) 0.539 0.520 0.170, 0.577 – –

Factors on T1/2 ABS and TLAG when fed
 F_FED_TABS (Tablet) 1.59 1.59 1.42, 2.01 – –
 F_FED_TABS (Suspension) 2.45 2.45 1.90, 3.49 – –
 F_FED_TABS (Sachet) 3.79 3.76 2.94, 3.82 – –
 F_FED_LAG (Tablet) 3.65 3.65 3.40, 4.61 – –
 F_FED_LAG (Suspension) 2.52 2.52 1.82, 2.86 – –
 F_FED_LAG (Sachet) 0.178 0.176 0.101, 0.180 – –
  RUVADD (mg/L) 0.422 0.411 0.328, 0.488 59.7 13.4
  RUVPROP (%) 24.0 24.0 19.9, 22.1 –
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by bioavailability (e.g. CL/F) or fail to scale parameters to a 
typical individual (e.g. 70 kg), which creates confusion when 
comparing values between studies [35]. Acetaminophen and 
ibuprofen pharmacokinetics are extensively described in the 

literature for children and adults [1, 36–39]. The clearances 
and volumes of distribution we report are similar to those 
in other studies of acetaminophen and ibuprofen in adults 
[37]. The bioavailability for acetaminophen in this analysis 

Fig. 1  Prediction-corrected visual predictive check (pcVPC) for 
the acetaminophen and ibuprofen pharmacokinetic models. Models 
were developed using pooled acetaminophen and ibuprofen plasma 
concentrations. Plots show median (solid lines) and 90% intervals 
(dashed lines). The left plots show all prediction-corrected observed 

acetaminophen and ibuprofen concentrations. Right plots show pre-
diction-corrected percentiles (10%, 50% and 90%) for observations 
(grey dashed lines) and predictions (red dashed lines) with 95% con-
fidence intervals for prediction percentiles (median, pink shading; 5th 
and 95th percentiles, blue shading)

Table 4  Simulated acetaminophen and ibuprofen CMAX and TMAX for oral formulations in fed and fasted states

CMAX and TMAX were calculated using clearance, volume of distribution, absorption rate constant and bioavailability for acetaminophen and ibu-
profen. Simulation was used to define prediction percentiles. Data are presented as medians with 10th and 90th prediction percentiles
CMAX maximal concentration, TMAX time to reach CMAX

Formulation Fed Fasted

CMAX (mg/L) TMAX (h) CMAX (mg/L) TMAX (h)

Acetaminophen
Tablet 10.9 (5.45, 19.8) 0.88 (0.42, 1.82) 12.8 (6.76, 24.2) 0.61 (0.26, 1.24)
Suspension 9.53 (4.81, 19.0) 1.10 (0.50, 2.17) 15.08 (7.35, 31.2) 0.31 (0.13, 0.72)
Sachet 9.91 (5.01, 19.4) 1.03 (0.51, 1.99) 14.4 (7.56, 28.6) 0.35 (0.16, 0.86)
Ibuprofen
Tablet 20.1 (10.3, 33.3) 1.2 (0.68, 2.17) 24.1 (13.3, 40.8) 0.94, 0.48, 1.67)
Suspension 16.2 (8.00, 30.3) 1.55 (0.82, 2.63) 26.6 (14.8, 45.0) 0.77 (0.40, 1.50)
Sachet 12.6 (6.14, 23.8) 1.90 (1.12, 3.21) 34.4 (20.8, 55.7) 0.38 (0.19, 0.80)
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was 87%, and that for ibuprofen was 93%. Previous noncom-
partmental analyses of these data reported similar relative 
bioavailabilities: 93.8% for acetaminophen and 96.4% for 
ibuprofen [36].

The acetaminophen absorption half-life was 11.5 min. 
This increased approximately twofold for all oral formula-
tions in fed states; the most pronounced effect was observed 
with the suspension formulation. Ibuprofen yielded similar 
results. The absorption half-life was 27 min, which increased 
two- to fourfold for all oral formulations under fed states. 
These estimates align with a study in postoperative adults: 
the absorption half-lives for acetaminophen were 9.6 min 
and 51 min for ibuprofen when administered in combination 
[1]. Paracetamol is a Biopharmaceutical Classification Sys-
tem (BCS) Class 1 drug with high permeability and solubil-
ity, while ibuprofen is a BCS class II drug [40], meaning it is 
poorly soluble but highly permeable. This may be reflected 
in the absorption half-life of ibuprofen, which is twice that 
of acetaminophen.

The absorption delay (lag time) for oral acetaminophen 
and ibuprofen formulations was protracted in fed states. The 
largest delay in absorption was associated with tablet for-
mulations for acetaminophen and ibuprofen (4.60-fold and 
3.65-fold, respectively). Decreased or delayed drug absorp-
tion due to changes in gastric emptying can be attributed to 
factors other than feeding. When administered concurrently 
with paracetamol, narcotic analgesics (diamorphine, pethi-
dine) delayed the gastric emptying rate, thereby decreas-
ing paracetamol absorption [41]. Absorption of nasogastric 
elixir paracetamol in adults undergoing cardiac surgery was 
delayed compared with healthy adults [42]. The absorption 
of oral oxycodone is also delayed after cardiac surgery, with 
the most profound delay (when compared with preoperative 
administration) observed on the first postoperative day [43].

CMAX and TMAX are noncompartmental parameters used 
to describe drug pharmacokinetics. These noncompartmen-
tal parameters CMAX and TMAX demonstrate similar trends of 
delayed absorption due to feeding, which can be quantified 
by increases in T1/2 ABS and TLAG. Simulated CMAX values 
after acetaminophen 1000 mg and ibuprofen 300 mg align 
with reported values [37, 44–47]. Published estimates of 
TMAX for both drugs are often associated with large vari-
ability. This may be due to limitations in study size and the 
frequency of samples obtained during the absorption phase. 
Simulation overcomes this problem: plasma concentrations 
can be predicted at frequent time points in a large number 
of hypothetical individuals, and CMAX and TMAX can be cal-
culated from dose, bioavailability, clearance and volume of 
distribution. Formulation-related differences in T1/2 ABS and 
TLAG affect CMAX and TMAX.

The impact of absorption differences between formula-
tions on simulated pain scores was minimal. Concentration is 
the factor that drives drug effect. Acetaminophen sachet and 

suspension formulations were associated with a 5 min shorter 
time to achieve a pain score reduction of 2 points (VAS 0–10) 
compared to the tablet. However, the peak effect was similar 
for all formulations (Supplementary Fig. S2). The variability 
associated with both pharmacokinetic and pharmacodynamic 
parameter estimates implies that these small population differ-
ences in observed onset of analgesia or peak effect will have 
little impact on an individual patient [48].

Pooling acetaminophen and ibuprofen data across these 
studies where both intravenous and oral time–concentration 
data were available allowed the estimation of the absorption 
parameters F, T1/2 ABS and TLAG. The precision associated 
with ibuprofen bioavailability and lag time is poor. This may 
be attributed to inadequate sampling during the early absorp-
tion phase. This study was conducted in typical healthy indi-
viduals. These changes in absorption parameters we observe 
may be altered in different cohorts such as the elderly, obese 
or those with impaired hepatic function.

We demonstrate the utility of compartmental models to 
quantify the influence of feeding on the commonly used 
analgesics acetaminophen and ibuprofen. Modelling and 
simulation can augment traditional metrics (e.g. CMAX 
and TMAX) used to describe acetaminophen and ibuprofen 
pharmacokinetics.

Fat mass, a covariate, had an influence on acetaminophen 
clearance estimation and on both clearance and volume of 
distribution for ibuprofen. However, obesity is also asso-
ciated with concomitant pathology, which can affect phar-
macokinetic parameter estimates [49], and further study of 
an obese population is required to substantiate the dosing 
prediction for that population.

5  Conclusion

Fat mass is an important covariate to describe acetami-
nophen and ibuprofen pharmacokinetics. The absorption 
half-lives of acetaminophen and ibuprofen were increased 
in fed states. The delay in absorption, quantified by a lag 
time, was protracted for both drugs in fed individuals. There 
were minimal predicted differences in effect for both aceta-
minophen and ibuprofen across all formulations in fed states.
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