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Abstract
Introduction Paracetamol pharmacokinetics (PK) is highly variable in older fit adults after intravenous administration. 
Frailty and oral administration likely result in additional variability. The aim was to determine oral paracetamol PK and 
variability in geriatric inpatients.
Methods A population PK analysis, using NONMEM 7.2, was performed on 245 paracetamol samples in 40 geriatric inpa-
tients (median age 87 [range 80–95] years, bodyweight 66.4 [49.3–110] kg, 92.5% frail [Edmonton Frail Scale]). All subjects 
received paracetamol 1000 mg as tablet (72.5%) or granulate (27.5%) three times daily. Simulations of dosing regimens 
(1000 mg every 6 hours [q6h] or q8h) were performed to determine target attainment, using mean steady-state concentration 
 (Css-mean) of 10 mg/L as target.
Results A one-compartment model with first order absorption and lag time best described the data. The inter-individual vari-
ability was high, with absorption rate constant containing the highest variability. The inter-individual variability could not 
be explained by covariates. Simulations of 1000 mg q6h and q8h resulted in a  Css-mean of 10.8 [25–75th percentiles 8.2–12.7] 
and 8.13 [6.3–9.6] mg/L, respectively, for the average geriatric inpatient. The majority of the population remained off-target 
(22.2% [q6h] and 52.2% [q8h] <8 mg/L; 31.3 [q6h] and 7.6% [q8h] >12 mg/L).
Conclusion A population of average geriatric inpatients achieved target  Css-mean with paracetamol 1000 mg q6h, while q8h 
resulted in underexposure for the majority of them. Due to high unexplained variability, a relevant proportion remained either 
above or below the target concentration of 10 mg/L. Research focusing on PK, efficacy and safety is needed to recommend 
dosing regimens.
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1 Introduction

Pain is a frequent symptom, even more in older adults [1, 2]. 
Prevalence of pain increases with age, and is reported to be 
25–75% among older persons [1, 2], with musculoskeletal 
(e.g. osteoarthritic back, chronic joint) and neuropathic pain 
syndromes as the most prevalent [2]. In addition, pain fre-
quently is present during hospitalization in older inpatients.

Paracetamol (acetaminophen) is a commonly used anal-
gesic [3]. It is registered for pain treatment in adults with a 
dose of 1000 mg q6h (maximum daily dose of 4000 mg) and 
for adults with a bodyweight ≤ 50 kg with a dose of 15 mg/

kg/dose (maximum daily dose of 60 mg/kg or 3000 mg) [4, 
5]. A maximum dose of 3000 mg daily is suggested for indi-
viduals with additional risk factors for paracetamol toxic-
ity, such as old age itself and frailty [4]. Dosages for older 
adults, with or without risk factors for toxicity, have not been 
evaluated in clinical trials, and are therefore generally based 
on clinical experience, extrapolation of younger adult data 
and expert opinions. Yet, data collected in younger adults 
cannot be extrapolated with certainty to the older population 
due to physiological differences between the populations.

Age-related changes in physiology (e.g. increased body 
fat, decreased renal function [6, 7]) influence the disposi-
tion of paracetamol. Several studies have reported a lower 
volume of distribution (Vd) and lower clearance (CL) of 
paracetamol in fit older people in comparison with younger 
adults [8–10]. Next to age-related changes in physiology, 
frailty, which is a multifactorial biological syndrome char-
acterized by a cumulative dysregulation of physiological 
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Key Points 

Paracetamol pharmacokinetics (PK) in frail geriatric 
inpatients was best described by a one-compartment 
model. Inter-individual variability in paracetamol PK 
was high, with the absorption rate constant (Ka) display-
ing the highest variability. No covariates could explain 
this variability.

For average frail geriatric inpatients, simulations of 
dosing regimens (1000 mg every 6 hours [q6h] and q8h) 
resulted in a mean steady-state concentration (Css-mean), 
a commonly used marker for analgesic efficacy, of 10.8 
and 8.13 mg/L, respectively. The target concentration of 
10 mg/L was achieved with 1000 mg q6h, while q8h did 
not result in target attainment in the average patient.

Due to large unexplained inter-individual variability in 
paracetamol PK, a relevant proportion of the simulated 
patients remained either above (> 12 mg/L; 31.3% 
[q6h] and 7.6% [q8h]) or below (< 8 mg/L; 22.2% [q6h] 
and 54.2% [q8h]) the target of 10 mg/L. The resulting 
Css-mean was > 8.2 mg/L (q6h) and > 6.3 mg/L (q8h) 
in 75% of the population and > 12.7 mg/L (q6h) and 
> 9.6 mg/L (q8h) in 25% of the population at these dos-
ing regimens.

processes [11], might influence paracetamol pharmacoki-
netics (PK). While there is no consensus definition of frailty, 
two approaches are commonly used to define the frailty con-
cept. The first approach defines frailty as a physical frailty 
phenotype determined by loss of strength/weight or speed, 
lack of energy, and/or inability to perform demanding activi-
ties such as domestic chores. The second quantifies frailty in 
a frailty index, representing the ratio of the deficits present 
in an individual divided by the number of evaluated defi-
cits [12]. Accordingly, fit older people do not have a frailty 
phenotype and score low on a frailty index. Studies have 
found that paracetamol clearance was lower in frail versus 
fit older people [13, 14]. In addition, paracetamol PK was 
found to be more variable in fit older adults than in younger 
people [8–10]. Even after intravenous (IV) administration of 
paracetamol in fit older people, a high (unexplained) vari-
ability in PK occurred [15]. Frailty and oral administration 
of paracetamol will likely result in additional variability in 
PK [14].

Differences in PK between frail and fit elderly, but also 
high variability in PK parameters in older adults, can alter 
the exposure to (and thereby the efficacy and safety of) 
paracetamol. It is being debated, therefore, whether pain 
is indeed adequately treated in older adults [16]. A mean 
steady-state concentration (Css-mean) of 10 mg/L is associated 

with adequate analgesia in the paediatric population [17]. 
Although based on limited validation, this concentration is 
also used in the present study as the target for pain relief in 
older people.

The aim of this study was to develop a population PK 
model to describe paracetamol PK and its variability in 
(frail) geriatric inpatients during multiple oral dosing (tablet 
or granulate). Simulations were performed with dosing regi-
mens (1000 mg q6h and q8h) to illustrate target attainment 
and variability of paracetamol PK in geriatric inpatients.

2  Methods

2.1  Patient Population, Study Design and Drug 
Dosing

Data analysis was performed on paracetamol plasma con-
centrations from a previously published observational study 
[17, 18]. The study design has been described in detail [17, 
18] and is summarized here as relevant to this analysis. This 
study was conducted at the University Hospitals Leuven, 
Belgium, following approval by the medical ethics commit-
tee of UZ Leuven (EUDRACT 2015-004217-24). Inclusion 
criteria were as follows: aged ≥ 80 years, hospitalization 
on an acute geriatric ward, written informed consent, oral 
administration of paracetamol 1000 mg three times daily 
(8:00, 14:00, 20:00), and at least four consecutive doses of 
paracetamol before the start of the study. The exclusion cri-
terion was end-of-life care.

All patients received paracetamol 1000 mg as tablet 
 (Dafalgan® tablet forte) or granulate  (Dafalgan® instant 
forte). Blood samples were taken at trough level before the 
study dose was administered and at 0.5, 1, 2, 4, 5 and 8 
hours after the study dose. The median (interquartile range) 
number of samples was 7 in total (5–7). In the electronic 
supplementary material (ESM), Figure ESM_1 provides 
plots of the spread in sampling times relative to the first 
paracetamol dose during the complete study period (Fig-
ure ESM_1A) and during the first hour after dosing (Figure 
ESM_1B). Data available for analysis included 42 subjects. 
Two subjects were excluded because no samples were avail-
able after the study dose. The characteristics of the 40 sub-
jects included are shown in Table 1. Contrary to our analysis, 
Hias et al. [18] included 36 patients, as patients without a 
complete PK profile were not excluded in the latter study.

2.2  Analytical Analysis

Paracetamol plasma concentrations were determined using 
an ultra-high performance liquid chromatography tan-
dem mass spectrometry (UPLC-MS/MS) at the hospital 
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pharmacy of Erasmus Medical Centre Rotterdam, the Neth-
erlands [19].

2.3  Population Pharmacokinetic Analysis

Paracetamol was analysed using non-linear mixed-effects 
modelling software NONMEM version 7.2 (ICON Develop-
ment Solutions, Ellicott City, MD, USA) using the first-order 
conditional estimation method with the interaction option 
(FOCE-I) and subroutine ADVAN13 TOL9. Pirana (version 
2.9.7), RStudio (version 1.1.423), [R] (version 3.4.3) and 
PsN (version 5.22.4) software were used for the numerical 
and graphical analysis of the output.

The model was built in a stepwise manner: (i) base model 
development, (ii) covariate model development and (iii) 
interval validation [20]. The likelihood ratio test using the 
objective function value (OFV) was used to discriminate 
between models. A decrease of 7.8 points (p < 0.005 based 
on a χ2 distribution) was considered statistically significant, 
between nested models with one additional degree of free-
dom. Furthermore, goodness-of-fit (GOF) plots, relative 
standard error (RSE), confidence interval of the parameter 
estimates, condition number and eta-shrinkage were evalu-
ated [20].

As aforementioned, at least four doses had been adminis-
tered before administration of the study dose. While admin-
istration time of the study dose was known, exact times of 
administration of the previous doses were not known. As 
medication in hospital is distributed at standardised times 
(08:00, 14:00, 20:00), it was assumed that the previous par-
acetamol doses were administered at those times. In addi-
tion, the exact total number of received doses is unknown. 
In view of the inclusion criterion of at least four previous 
administrations, we included four previous doses with their 
assumed administration times in the analysis.

2.3.1  Base Model Development

For the structural model, one-compartment and two-com-
partment models were tested. Different approaches were 
tested to describe the absorption process: first order, zero 
order and Michaelis–Menten absorption. Lag time, a tran-
sit compartment model and a transit compartment model 
as described by Savic et al. [21] were also tested. Bioavail-
ability (F) was fixed on 1.

It was assumed that the inter-individual variability of the 
apparent volume of distribution (Vd/F) and apparent clear-
ance (CL/F) was log normally distributed. This was tested 
using the following equation:

(1)Pi = � ∗ e�i ,

where Pi is the individual parameter estimate for the ith 
subject, θ is the population parameter estimate and �i is the 
inter-individual variability with a mean of 0 and a variance 
of ω2. The inter-individual variability of Ka was not log-
normally distributed. A mixture model for Ka and logit, box 
cox and heavy tail transformations were tested to improve 
distribution of the inter-individual variability of Ka [22]. To 
optimize the PK model, correlations between random effects 
in the model were investigated using an omega block.

For the residual unexplained variability an additional 
(Eq. 2), proportional (Eq. 3) and a combined error model 
were tested (Eqs. 2 + 3).

where  Yij is the jth observed concentration for the ith sub-
ject,  Cpred,ij the predicted concentration for the jth observa-
tion and ith subject and εij is the random value from a normal 
distribution with a mean of 0 and a variance of σ2.

2.3.2  Covariate Model Development

Lab values and patient characteristics were documented at 
the start of the study and were assumed to be constant over 
the study period of 8 h. If the documentation could not be 
performed at the start of the study period, the most recent 
values were extracted from the electronic patient file. If the 
percentage of missing data was < 10%, the missing values 
were replaced with the population mean (normal distribu-
tion population) or median (not-normally distributed). If 
the percentage of missing data exceeded 10%, the potential 
covariate was not tested (e.g. mini-mental state examination 
and direct bilirubin, and the use of any gastroprokinetic such 
as alizapride, domperidone, metoclopramide, ondansetron or 
erythromycin). Scores on the Edmonton Frail Scale (EFS) 
and Mini Nutritional Assessment (MNA) were sorted into 
the different scoring categories. For EFS: no impairment 
(0–5), vulnerable (6–7), mild impairment (8–9), moderate 
impairment (10–11) and severe impairment (12–17); for 
MNA: normal nutrition status (12–14), risk of underfeed-
ing (8–11) and underfed (0–7).

The following covariates were tested: age, sex, MNA, 
EFS, bodyweight, lean body weight, renal function (both 
Chronic Kidney Disease Epidemiology Collaboration 
[CKD-EPI] and Cockcroft–Gault [C&G]), serum creatinine, 
international normalised ratio (INR), liver function param-
eters, total bilirubin, formulation (tablet or granulate), pres-
ence of fever, simultaneous opiate use (strong, weak, no), 
simultaneous proton-pump inhibitors use, the presence of 

(2)Yij = Cpred,ij + �ij,

(3)Yij = Cpred,ij ×
(

1 + �ij
)

,
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Table 1  Clinical characteristics of frail older adults (n = 40) included in this analysis

Variable (unit) Value Comments

Age, years 87 [80–95]
Sex
 Female 22 (55)

Race
 Caucasian 40 (100)
 Bodyweight, kg 66.4 [49.3–110]
 Height, cm 160.5 [142–185]
 Lean body weight, kg 49.84 [34.90–74.03] Equations: Men: 1.10 × weight (kg) − 128 ×  (weight2 [kg]/

height2 [cm])
Women: 1.07 × weight (kg) − 148 ×  (weight2 [kg]/height2 

[cm])
Formulation (number of patients)
 Tablet 29 (72.5)
 Granulate 11 (27.5)
 Serum creatinine (mg/dL) 0.95 [0.51–2.10]

Estimated GFR (CKD-EPI; mL/min/1.73m2) [32] 65 [5.4–90.0] Equations: Men: 141 × minimum (serum creatinine [mg/
dL]/0.7)−0.411 × maximum (serum creatinine [mg/
dL]/0.7)−1.209 × 0.993age (years)

Women: 141 × minimum (serum creatinine [mg/dL]/0.7) 
−0.411 × maximum (serum creatinine [mg/dL]/0.7) −1.209 × 
0.993age (years) × 1.018

Estimated GFR (Cockcroft-Gault; mL/min) [32] 46.9 [20.5–94.6] Equations: Men: (140 − age (years) × weight (kg)/ 72 × 
serum creatinine (mg/dL)

Women: (140 − age (years) × weight (kg)/72 × serum creati-
nine (mg/dL)

Sodium (mmol/L) 140 [129.4–147.6]
Uric acid (mg/dL) 5.8 [1.9–15.2]
ASAT (U/L) 19 [13–117]
ALAT (U/L) 14 [7–52]
Bilirubin total (mg/dL) 0.52 [0.18–1.71]
Bilirubin direct (mg/dL) 0.25 [0.18–0.54]
Gamma GT (U/L) 31 [12–289]
Alkaline phosphatase (U/L) 70 [30–174]
Albumin (g/L) 37.1 [26.5–45.7]
Total protein (g/L) 66 [52–82]
Haematocrit (volume % of red blood cells) 0.356 [0.241–0.480]
International Normalised Ratio (INR) 1.2 [1–3.4]
Use of weak opiates (no. of patients)
 Unknown 1 (2.5)
 No 28 (70)
 Yes 11 (27.5)

Use of strong opiates (no. of patients)
 Unknown 1 (2.5)
 No 31 (77.5)
 Yes 8 (20)

Use of proton pump inhibitors (no. of patients)
 Unknown 1 (2.5)
 No 24 (60)
 Yes 15 (37.5)

Use of gastroprokinetics such as alizapride, domperidone, metoclopramide, ondansetron, erythromycin (number of patients)
 Unknown 4 (10)
 No 32 (80)
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diseases known to be associated with gastroparesis such as 
diabetes mellitus and Parkinson’s disease, and intake of par-
acetamol with or without food. To visualise potential rela-
tionships, the covariates were plotted against the individual 
PK parameter estimates. Covariates were tested if they were 
considered clinically relevant or if potential relationships 
were visible. The continuous covariates were included into 
the model with the following equation (Eq. 4):

(4)Pi = �1 ×

(

COV

COVmedian

)�2

,

where Pi represents the individual parameter estimate and θ1 
represents the estimate for the covariate relationship. COV 
represents the covariate value and  COVmedian the median 
value, by which the covariate is normalized. θ2 is an esti-
mated exponent. It was fixed on 1 for a linear function and 
estimated for a power function. From categorical covari-
ates with two categories (sex, formulation, food conditions), 
the fractional change for one group compared to the other 
group was calculated. MNA and EFS have three and five cat-
egories, respectively. The fractional change of the different 
groups was estimated and compared with the first category.

Potential covariates were added separately to the model 
and were considered to be significant when OFV decreased 

Table 1  (continued)

Variable (unit) Value Comments

 Yes 4 (10)
Fever (number of patients) Reference value: 38.5 °C
 Unknown 2 (5)
 No 37 (92.5)
 Yes 1 (2.5)

Type of feeding (number of patients)
 Unknown
 Oral 40 (100)
 Enteral
 Parenteral
 Mini-Mental State Examination (MMSE; unit) 22 [13–30]

Concomitant administration with food (number of patients)
 Unknown 1 (2.5)
 Sober 4 (10)
 With food 35 (87.5)

MNA; number of patients Only the screening questions and not the research questions 
of MNA were used in this study. The screening questions 
encompass reductions in food intake and related causes, 
weight loss, mobility, critical illness or physiological stress, 
neurological problems, and calculation of the body mass 
index

 Unknown 1 (2.5)
 Normal 9 (22.5)
 Risk of underfeeding 21 (52.5)
 Underfed 9 (22.5)

EFS; number of patients A validated questionnaire to assess frailty. Cognition, general 
health status, functional independence, social support, 
medication use, nutrition, mood, continence and functional 
performance are assessed to determine the EFS score

 Unknown 2 (5)
 No impairment 1 (2.5)

Vulnerable
 Mild impairment 4 (10)
 Moderate impairment 12 (30)
 Severe impairment 21 (52.5)

Comorbidities associated with gastroparesis (number of patients)
 Unknown 4 (10)
 No comorbidities 18 (45)
 Diabetes mellitus 16 (40)
 Parkinson’s disease 2 (5)

Values are presented as median [range] or n (%) unless otherwise specified
ALAT alanine transaminase, ASAT aspartate aminotransferase, CKD-EPI Chronic Kidney Disease Epidemiology Collaboration, EFS Edmonton 
Frail Scale, GFR glomerular filtration rate, MNA Mini-Nutritional Assessment
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by at least 7.8 points (p < 0.005). When multiple covariates 
were found to be significant, the covariate causing the larg-
est drop in OFV was retained in the model. In addition, a 
reduction in inter-individual variability of the parameter and 
improvement in GOF plots were evaluated upon inclusion of 
the covariate on the parameter.

2.3.3  Internal Validation

Bootstrapping, using 1000 replicates, was performed to 
check model stability. The parameter estimates obtained in 
the bootstrap were subsequently compared with the param-
eters estimated from the original dataset. To evaluate the 
accuracy of the model predictions, a normalized prediction 
distribution error (NPDE) method was performed in which 
the dataset was simulated 1000 times. The results were ana-
lysed with [R]. Distribution of NPDE was compared with a 
normal distribution.

2.3.4  Simulations

Simulations (1000 replicates) were performed to investigate 
target attainment and variability around the target (10 mg/L) 
in frail geriatric inpatients. Two dosing regimens (1000 mg 
q6h and q8h) were simulated for 72 h. For each simulated 
concentration–time profile, Css-mean was calculated for the 
average patient. This calculation was based on the area under 
the plasma concentration–time (AUC) curve when steady-
state was visually achieved and on the dosing interval (6h 
or 8h). For each concentration–time profile, the 10th, 25th, 
50th, 75th and 90th percentiles of the Css were calculated. 
To quantify below and beyond the target concentration of 
10 mg/L, we defined a range (8–12 mg/L) to investigate the 
extent of deviation from the target concentration.

3  Results

3.1  Population Pharmacokinetic Analysis

The PK model was based on 245 samples obtained from 40 
subjects. None of these samples were below the lower limit 
of quantification.

3.1.1  Base Model Development

The data was best described by a one-compartment model 
with first-order absorption and first-order elimination 
(Fig. 1). The absorption phase was best described with lag 
time (−dOFV = −9.39).

The residual unexplained variability was best described 
by a combination of the additional and proportional error 
models. Inter-individual variability on Vd/F, CL/F and Ka 

further improved the model. Addition of inter-individual 
variability on F and lag time did not improve the model 
significantly.

A mixture model, box cox and heavy tail transformation 
did not improve the distribution of Ka. The logit transfor-
mation resulted in a lognormal distribution. However, the 
logit transformation resulted in a significantly higher OFV 
(−dOFV = 28.05) and the RSE of the inter-individual vari-
ability of Ka was 5000%. Therefore, the individual variabil-
ity of Ka was left untransformed. An omega block for the 
inter-individual variability on Vd/F and CL/F resulted in 
more precise PK parameter estimates (lower RSEs) and a 
significant decrease in OFV.

3.1.2  Covariate Model Development

None of the tested potential covariates improved the model 
significantly (−dOFV ≥ 7.8). The parameter estimates of 
the final model are presented in Table 2. Parameters were 
estimated with high precision (RSE < 50%) [20]. Although 
overall accurately predicted (RSE = 44.4%), the highest 
variability was displayed in Ka (inter-individual variability 
of 4.14). This variability in absorption is also shown in the 
individual plots in Figure ESM_2. The GOF plots are shown 
in Fig. 2. Data points for paracetamol are randomly distrib-
uted around the line of unity, indicating that bias is negli-
gible. The model is able to describe the observations, but 
contains high inter-individual variability in the predictions 
(Fig. 2A, B). The conditional weighted residuals (CWRES) 
were randomly distributed over the population predictions 
and over time and therefore bias was detected. It has to be 
noted that for some η-values the shrinkage was higher than 
25%.

3.2  Internal Validation

The bootstrap mean and 95% confidence intervals (95% CI) 
are presented in Table 2. Overall, low variability and stabil-
ity in Vd, CL and lag time is observed, while  Ka is highly 
variable (95% CI 0.516–21.4  h−1). The NPDE, presented 
in Fig. 3, shows high variability. A deviating peak in the 
histogram of the NPDE distribution can be seen in Fig. 3. 
However, NPDE distribution and its variability were not sig-
nificantly different from a normal distribution (p = 0.052). 
No trend is observed in NPDE versus time and NPDE ver-
sus predicted concentrations, indicating that the model ade-
quately quantifies both typical trend and variability in the 
observed concentrations.

3.3  Simulations

Concentration–time profiles of 1000 simulated frail older 
subjects for each of the currently used dosing regimens 
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(1000 mg q6h and 1000 mg q8h) are presented in Fig. 4. The 
average subject achieved a Css-mean of 10.8 mg/L for 1000 mg 
q6h and a Css-mean of 8.13 mg/L for 1000 mg q8h. Table 3 
shows the attained Css-mean for 10, 25, 50, 75 and 90% of the 
subjects. The variability in PK resulted in 75% of the sub-
jects being above a Css-mean of 8.2 mg/L (q6h) and 6.2 mg/L 
(q8h) and in 25% above 12.7 mg/L (q6h) and 9.6 mg/L (q8h) 
for 1000 mg q6h and q8h. A relevant proportion remained 
either above (> 12 mg/L; 31.3% [q6h] and 7.6% [q8h]) or 
below (< 8 mg/L; 22.2% [q6h] and 54.2% [q8h]) the target 
of 10 mg/L.

4  Discussion

To the best of our knowledge, this is the first population PK 
model for oral paracetamol in frail geriatric inpatients. Oral 
paracetamol PK was best described with a one-compartment 
model. Despite the high inter-individual variability, none of 
the collected covariates could explain the high inter-individ-
ual variability. Simulations of 1000 mg q6h and q8h resulted 
in a Css-mean of 10.8 (25–75th percentiles 8.2–12.7) and 8.13 
(6.3–9.6) mg/L, respectively, for the average geriatric inpa-
tient. The majority of the population remained off-target 
(22.2% [q6h] and 52.2% [q8h] < 8 mg/L; 31.3% [q6h] and 
7.6% [q8h] > 12 mg/L). Relevant issues on model develop-
ment, simulations and applicability are discussed below.

Concerning model development, the estimated CL/F 
and Vd/F were in line with previous research. Ellmers et al. 
studied paracetamol PK after administration of 1000 mg 
in 55 patients (47% frail; mean [SD] frail subgroup age: 
83.5 [7.3] years; weight: not reported) and reported a CL 

Fig. 1  Schematic representation of the structural model. CL clear-
ance, Ka absorption rate constant, Vd volume of distribution

Table 2  Population pharmacokinetic parameters of the pharmacokinetic model for oral paracetamol in frail older people and the values obtained 
after bootstrap analysis

CI confidence interval, CL/F apparent clearance, Ka absorption rate constant, RSE relative standard error, Vd/F apparent volume of distribution, 
Vd-CL/F the interaction of the inter-individual variability between apparent volume of distribution and apparent clearance

Parameter Final model estimate (RSE %) [Shrinkage %] Bootstrap mean [95% CI]

Fixed effects
 Vd/F (L) 69.7 (6.9) 69.5 [60.7–78.6]
 CL/F (L/h) 16.1 (5.5) 16.1 [14.4–17.8]
 Ka (1/h) 10.4 (6.6) 11.4 [0.516–21.4]
 Lag time (h) 0.379 (5) 0.369 [0.277–0.480]

Inter-individual variability (ω2)
 ω2 Vd/F 0.0583 (30.7) [30] 0.0557 [0.0212–0.0955]
 ω2 Vd–CL/F 0.0466 (0.0201) [5] 0.0458 [0.00742–0.0856]
 ω2 CL/F 0.102 (29.5) [6] 0.0977 [0.0492–0.155]
 ω2 Ka 4.41 (44.4) [31] 4.82 [1.24–7.58]

Residual variability (σ2)
 σ2 (proportional) 0.464 (30) [13] 0.421 [0.160–0.769]
 σ2 (additional) 0.311 (13.4) [13] 0.310 [0.237–0.385]
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of 13.4 L/h and Vd of 65.7 L in the frail subpopulation [13]. 
Wynne et al., who studied paracetamol PK in 48 older sub-
jects after administration of oral paracetamol 500 mg (18% 
frail, mean [SD] frail subgroup age: 82 [2] years; weight: 53 
(4) kg), found less similarity in PK parameters in a similar 
population, namely a CL of 8 L/h and Vd of 32.5 L [14]. We 
will address some considerations that hamper comparing 
our results with those of the aforementioned studies. Firstly, 
those studies used a non-compartmental analysis [13, 14], 
whereas we used a compartmental analysis. Secondly, the 
definitions for frailty differed. Overall, frailty has a hetero-
geneous clinical presentation and a multitude of definitions 
[23]. Ellmers et al. defined frailty as not living independently 
[13], while Wynne et al. defined frail patients as patients 
who received continuous hospital care for chronic disabling 
conditions such as cerebrovascular and musculoskeletal dis-
ease [14]. In our study, frailty had been identified with the 
use of the EFS. This scale was chosen because it is validated 

to be applied in the acute setting by non-medically trained 
personnel with good inter-rater reliability [11]. Although 
frailty was not an inclusion criterion in this study, most of 
the included geriatric inpatients were considered to be frail 
(95%). The European Medicines Agency recognizes the 
need for an operational definition of frailty that can be used 
in research [24]. Thirdly, Ellmers et al. as well as Wynne 
et al. reported high variability in PK parameters [13, 14], 
thereby underlining the variability in PK in the frail geriat-
ric inpatients from our study. A recent study investigating 
paracetamol PK in fit older people already observed high 
variability in a healthy younger older population, even with 
an IV formulation [15]. Therefore, the high variability found 
in our analysis (Figure ESM_2) in frail patients when using 
oral administration was expected.

An asset of this study is the fact that many potential 
covariates have been collected and tested in order to inves-
tigate if they could provide a partial explanation for the 

Fig. 2  Diagnostic plots for the final pharmacokinetic model of oral 
paracetamol in frail older people: (A) observed concentrations ver-
sus individual predicted concentrations; B observed concentrations 

versus population predicted concentrations; C conditional weighted 
residuals (CWRES) versus time after study dose; D CWRES versus 
population predicted concentrations
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inter-individual variability. There are several explanations 
why this study could not identify any covariate. One is the 
relative homogeneity of the study population with a small 
range for important potential covariates such as age, frailty, 
and nutritional status, although weight and renal function 
had a wide range. Other factors that cannot be quantified in 
a clinical setting (e.g. gastroparesis, gastric pH or epithelial 
integrity of the gastrointestinal tract) might have been of 
influence. However, diseases associated with gastroparesis 
such as diabetes and Parkinson’s disease did not explain the 
observed variability. Additionally, several limitations of this 
study could have influenced the model development. For 
one, the sample period was too short to capture the com-
plete concentration–time profile for a proportion of the sub-
jects (Figure ESM_2). In addition, only a limited number 
of samples were taken during the absorption phase (Figures 
ESM_1, ESM_2). Furthermore, bioavailability was set to 
1 due to lack of IV data. Still, despite the limitations, this 

model was able to adequately describe the observed concen-
trations, PK parameters and variability.

Both in clinical practice as well as in literature, a discus-
sion is ongoing whether to administer paracetamol in a dose 
of 1000 mg q6h or q8h to the older population because of 
efficacy as well as safety issues [5]. Here we provide the 
pros and cons of the administration of paracetamol 1000 mg 
q6h vs q8h in relation to our analysis. Simulations were per-
formed with the two dosing regimens (1000 mg q6h and 
q8h) using a  Css-mean of 10 mg/L as target. Importantly, the 
target concentration of 10 mg/L for both frail and fit older 
people has not yet been validated. It was used in this paper 
because it is the only known target concentration extrapo-
lated from another special population (e.g. pediatrics) [17] 
and therefore the most feasible. Once the target concen-
tration in older people is known, the model will still be 
accurate and simulations can be extended. With 1000 mg 
q6h, the average geriatric inpatients achieved a Css-mean of 

Fig. 3  Normalised prediction distribution error (NPDE) of the final 
model for oral paracetamol. A Quantile–quantile plot of NPDE versus 
the expected standard normal distribution; B histogram of the NPDE 
distribution (white bars), overlaid with the density of the standard 
normal distribution (blue bars); C NPDE over time with the NPDE 

for each observation (dots), and the lines indicate the mean (red) and 
the 90% percentiles (blue) of the NPDEs, and the shaded areas are the 
simulated 90% confidence intervals of the NPDE median (red) and 
95% percentiles (blue) (middle graphs); D NPDE vesus the predicted 
concentrations, with dots and lines as described for C
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10.8 mg/L. The average geriatric inpatients did not achieve 
the target Css-mean with 1000 mg q8h (Css-mean 8.13 mg/L). 
However, due to the large unexplained variability, a relevant 

proportion of the frail older population remained off-target; 
22.2% (q6h) and 54.2% (q8h) of the geriatric inpatients 
remained below 8 mg/L while 31.3% (q6h) and 7.6% (q8h) 
exceeded 12 mg/L. Based on these simulations, it could be 
stated that a higher daily dose (1000 mg q6h vs 1000 mg 
q8h) in frail geriatric inpatients would result in more patients 
achieving the target concentration.

Safety of treatment, however, is equally important as 
target attainment. Hepatotoxicity in particular is an issue 
in this context. In this study, we compared q6h and q8h 
administration based on Css-mean, which only reflects poten-
tial efficacy. Safety concerns have played a role in the rec-
ommendation of paracetamol 1000 mg q8h in older adults 
[25]. Paracetamol metabolism includes different metabolic 
pathways: paracetamol is mainly metabolized by sulpha-
tion and glucuronidation [26] and via a minor pathway by 
cytochrome P450 (CYP)2E1. This results in the formation 
of N-acetyl-p-benzoquinone imine (NAPQI), which under 
normal circumstances is neutralised by glutathione [26]. 
However, at high exposure or in situations where glutathione 

Fig. 4  Concentration–time profiles based on 1000 simulations using 
the final pharmacokinetic model following the current dosing regi-
mens: A paracetamol 1000 mg every 6 h and B paracetamol 1000 mg 
every 8 hours. The black line corresponds with the median achieved 
concentration, the dashed lines represent the  25th to 75th prediction 

interval, and the grey areas represent the 95% prediction interval for 
the simulated values. The dotted grey line indicates the target concen-
tration of 10 mg/L. For every dosing regimen, the mean steady-state 
concentration  (Css-mean) is shown

Table 3  Mean steady-state concentrations  (Css-mean) achieved by 90%, 
75%, 50%, 25% and 10% of the frail older subjects with the currently 
used dosing regimens of paracetamol 1000  mg every 6 hours (q6h) 
and every 8 hours (q8h) based on 1000 simulations using the final 
pharmacokinetic model

Css-mean (mg/L)

90% 
of the 
subjects 
above

75% 
of the 
subjects 
above

50% 
of the 
subjects 
above 
(median 
concen-
tration)

25% 
of the 
subjects 
above

10% of the 
subjects 
above

1000 mg 
q6h

6.8 8.2 10.2 12.7 15.5

1000 mg 
q8h

5.2 6.3 7.8 9.6 11.4
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is depleted, such as in a malnourished state, NAPQI will be 
able to bind covalently to cellular proteins. This results in 
the formation of toxic protein adducts, which can lead to 
hepatocellular necrosis [26]. A few studies have reported 
that formation of NAPQI seems unchanged in the fit older 
population [14, 27] but for the frail older population no data 
have been reported. Nonetheless, high dosing and reducing 
the dosing interval will result in high exposure to NAPQI. 
This can be a problem for a proportion of frail older adults 
considering the large variability in PK seen in the simula-
tions (Fig. 4). With the current dosing regimens, the average 
patients achieved a concentration of 6.8 [3.1–11.5] mg/L 
(q6h) and 6.1 [2.3–9.5] mg/L (q8h) 4 h after oral paraceta-
mol intake. Although the corresponding toxic reference 
of paracetamol, 4 h after intake, has been reported to be 
75 mg/L [28], hepatotoxicity can occur with normal dos-
ages administered to young adults [29] and fit older adults 
[30]. However, another study reported higher paracetamol 
concentrations in frail older patients (compared with fit older 
patients and young adults) after 5 days of therapeutic par-
acetamol dosage (3000–4000 mg/day), while no increased 
liver safety parameters were observed [31]. Additionally, the 
toxic reference for NAPQI is unknown. Currently, nothing 
is known about the relation between paracetamol concentra-
tions, NAPQI concentrations and (elevated) liver function 
parameters in (frail) geriatric inpatients. To be able to rec-
ommend a dosing regimen, future studies should focus on 
PK, efficacy and safety for paracetamol, a drug frequently 
used in this subpopulation.

5  Conclusion

Oral paracetamol PK in frail geriatric inpatients was best 
described with a one-compartment model. Despite the high 
inter-individual variability, no covariates were identified 
to explain the high inter-individual variability. Simula-
tions of 1000 mg q6h and q8h resulted in a Css-mean of 10.8 
[25–75th percentiles 8.2–12.7] and 8.13 [6.3–9.6] mg/L, 
respectively, for the average geriatric inpatients. The major-
ity of the population remained off-target (22.2% and 52.2% 
< 8 mg/L; 31.3 and 7.6% > 12 mg/L). This current analysis 
is a first step towards description of paracetamol PK, and 
also to illustrate paracetamol variability with the currently 
used dosing regimens in frail geriatric inpatients. To be able 
to recommend a dosing regimen, future studies should focus 
on PK, efficacy and safety for paracetamol, a drug frequently 
used in this subpopulation.
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