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Abstract
Background  The pharmacokinetic (PK) profile of a drug is influenced by several factors, which can lead to a suboptimal 
dosing regimen in specific patient populations. As obesity becomes increasingly prevalent, it is important that optimized 
dosing schemes are available for these patients. To set up such dosing schemes, PK studies should be performed in this 
population. Regarding paracetamol (acetaminophen [APAP]), obese patients would benefit from a tailored dosing scheme, as 
both the volume of distribution and metabolism are increased compared with non-obese patients. This includes metabolism 
by cytochrome P450 2E1, which is involved in APAP-associated hepatotoxicity. To decrease the burden for patients in these 
PK studies, finger-prick sampling could be used.
Objective  The aim of this study was to compare the quantitative determination of APAP and four metabolites in different 
blood-based matrices and to determine if capillary dried blood samples, collected directly following finger-prick, could serve 
as a tool to investigate APAP PK in obese and non-obese patients.
Methods  In this study, we performed a clinical validation of methods for the determination of APAP and four of its metabo-
lites (APAP-glucuronide, APAP-sulfate, APAP-mercapturate, and APAP-cysteine) in blood, plasma, and dried blood. The 
latter was obtained by volumetric absorptive microsampling (VAMS), either starting from the venous blood or collected 
directly following a finger-prick. Results were compared between the different matrices and, in addition, blood:plasma (B:P) 
ratios were determined for the different analytes.
Results  Liquid and dried venous blood results were in good agreement. Furthermore, differences between capillary (finger-
prick) and venous VAMS blood samples remained limited for most analytes. However, for APAP-cysteine, caution should 
be paid to the interpretation of concentrations in (dried) blood. With the exception of APAP, concentrations were higher in 
plasma compared with blood, with B:P ratios ranging between 0.52 and 0.65. A time-dependent change in median B:P ratio 
was observed for APAP and APAP-cysteine. Additionally, a time-dependent trend was seen for APAP, as well as for APAP-
glucuronide and APAP-mercapturate, for the distribution between capillary and venous blood.
Conclusions  We demonstrated that finger-prick sampling is a viable alternative to conventional venous blood sampling to 
investigate the PK of APAP and its metabolites in obese and non-obese patients.
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1  Introduction

Dosing recommendations for most drugs are developed 
based on pharmacokinetic (PK) and pharmacodynamic 
(PD) studies in an average adult population. However, these 
recommended doses may not lead to the desired therapeutic 
effect in certain specific patient populations, who may ben-
efit from a more tailored dosing scheme. To allow the set-up 
of such specific dosing schemes, it is essential to understand 
the PK and PD profile of therapeutic drugs in the targeted 
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Key Points 

First study to quantify paracetamol (APAP) and its four 
main metabolites in venous blood and corresponding 
dried venous and capillary samples in the context of a 
pharmacokinetic (PK) study.

Comparative evaluation of concentrations of APAP and 
its metabolites in plasma, blood, and dried venous and 
capillary volumetric absorptive microsampling (VAMS) 
samples.

First report of blood:plasma (B:P) ratios for the APAP 
metabolites.

Demonstration of suitability of finger-prick sampling to 
conduct PK studies for APAP in obese and non-obese 
patients.

patient-centric approach, e.g. via the use of finger-prick sam-
pling as an alternative for conventional venous blood sam-
pling. Finger-prick sampling is not only less invasive for 
the patient but also allows the collection of samples from 
patients outside the clinic, e.g. in the home environment. 
Besides dried blood spots collected on conventional cards, 
more recently, several approaches have been introduced that 
allow the volumetric collection of a drop of blood, directly 
from the fingertip [13]. One of these approaches is volumet-
ric absorptive microsampling (VAMS), in which a polymeric 
tip wicks up a fixed amount of blood, irrespective of the 
hematocrit [14].

In this study, we aimed at investigating VAMS-assisted 
finger-prick sampling as a tool for APAP PK studies. 
APAP and four of its metabolites, paracetamol-glucuronide 
(APAP-Gluc), paracetamol-sulfate (APAP-Sulf), paraceta-
mol-mercapturate (APAP-Merc), and paracetamol-cysteine 
(APAP-Cys), were quantified in plasma, venous (liquid and 
dried) and dried capillary blood samples from both obese 
and non-obese patients. Results obtained in the different 
blood-based matrices were compared to determine if capil-
lary dried blood samples could be used as an alternative 
matrix to investigate APAP PK. As such, this study is the 
first to quantify APAP and its four main metabolites in both 
liquid and dried blood (micro)samples, in the context of a 
PK study. Moreover, blood:plasma (B:P) ratios were deter-
mined for all of the analytes, which, except for APAP, have 
not yet been reported elsewhere. Last, as far as we are aware, 
this study is the first to extensively compare all different 
blood-based matrices for an analyte and its metabolites in a 
time-dependent manner. Hence, the framework of this study 
may serve as a basis for other PK studies aiming at compre-
hensively evaluating the suitability of finger-prick sampling 
as an alternative to conventional venous sampling.

2 � Methods

2.1 � Participants

Severely obese patients undergoing bariatric surgery (BMI 
> 35 kg/m2) and non-obese patients (BMI between 18.5 
and 30 kg/m2) undergoing elective laparoscopic procedures 
(Nissen fundoplication, cholecystectomy, bowel surgery, or 
hernial repair surgery) were eligible for inclusion in this 
study. Patients were excluded if they were pregnant, suf-
fered from renal insufficiency (estimated glomerular filtra-
tion rate [eGFR] < 30 mL/min), had a pre-existing liver 
condition or a liver disease detected by liver function tests 
(aspartate aminotransferase or alanine aminotransferase > 
3 times the upper limit of normal values), Gilbert–Meulen-
gracht syndrome, or if they were allergic to APAP. Further-
more, patients taking medication known to affect CYP2E1 

population. Different patient characteristics can influence the 
PK profile of a drug, such as age and weight [1–4].

Worldwide, obesity, defined as a body mass index (BMI) 
≥30 kg/m2, is becoming more prevalent, and hence the 
need for adapted drug dosing guidelines for this popula-
tion becomes increasingly important [5–7]. The PK profile 
of a drug in obese patients is influenced by its distribution 
between fat and lean tissues, but also the metabolism and 
clearance of the drug can be altered compared with non-
obese patients [3, 4].

Paracetamol (acetaminophen [APAP]) is one of the drugs 
for which the PK profile in obese patients has already been 
investigated [8–11]. To date, the available data indicate 
that both the volume of distribution and the total clearance 
for APAP are increased in obese patients compared with 
non-obese patients [10]. Based on these two findings, an 
increased dose to attain therapeutic concentrations could 
be anticipated. However, when looking at the different 
metabolism pathways, there is evidence that cytochrome 
P450 (CYP) 2E1-mediated metabolites are formed earlier 
and to a greater extent in obese patients [9]. This pathway is 
involved in the development of APAP-induced hepatotoxic-
ity and hence caution should be paid when considering to 
increase APAP dosing [12]. These findings demonstrate that 
adapting drug dosages to meet the needs of specific patient 
populations is not always straightforward. Therefore, further 
studies are needed to (1) investigate whether APAP dosing 
in obese patients should be adapted, taking into account the 
aforementioned findings, and (2) set up dosage guidelines 
for this specific patient population.

PK studies are a significant burden to patients due to the 
frequent sampling of (usually) venous blood. This burden 
can be decreased by performing population PK studies with 
less sampling time points per patient or by following a more 
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or uridine 5′-diphospho-glucuronosyltransferase (UDP) 
activity, with chronic alcohol intake or alcohol consump-
tion < 72 h before surgery, or reporting chronic APAP use 
or intake within the previous 24 h were excluded from the 
study. Patients were recruited during their pre-operational 
consult at Ghent University Hospital and provided written 
informed consent. As is common practice, all patients had 
refrained from eating prior to the surgery, which also lim-
ited the differences in the sample matrix (e.g., postprandially 
more lipids may be present). This study was approved by the 
Ghent University Hospital Ethics Committee (BC-07469).

2.2 � Sample Collection

Venous lithium-heparin anticoagulated blood (4.0 mL BD 
Vacutainer tubes; BD Benelux, Erembodegem, Belgium), 
and 10 µL capillary VAMS samples (cVAMS; brand name 
Mitra®, Neoteryx, Torrance, USA), obtained via finger-
prick, were collected from 21 patients (16 obese, 5 non-
obese). Samples were collected during and after surgery, 
over a window of 30 h, as indicated in Fig. 1. Venous blood 
samples and corresponding cVAMS samples were collected 
within 2 min of each other. For administration of APAP, the 
standard peri- and postoperative pain management proto-
col was followed: 2 g APAP after induction of anesthesia, 
followed by 1 g APAP every 6 h until 30 h after the first 
dose. APAP was administered intravenously over 15 min 
with a volumetric pump. Patients also received ibuprofen 
(600 mg/12 h) and piritramide as needed. For patients com-
pleting the entire trajectory, 16 venous blood samples and 7 
cVAMS samples were collected.

After sample collection, samples were stored at 4 °C, fol-
lowed by transportation at ambient conditions to the Labo-
ratory of Toxicology within 24 h after collection (covered 
by stability data [15]). Either immediately or within a time-
frame of 12 h (samples were stored at 4 °C, also covered by 
stability data [15]), plasma was derived from a fraction of 
the venous blood by centrifugation (5 min at 5000 g). 10 µL 
VAMS samples were also prepared from the venous blood 

(vVAMS), at time points where a corresponding cVAMS 
sample was collected. VAMS samples were dried for a mini-
mum of 2 h, and all samples were stored at – 80 °C until 
analysis.

2.3 � Sample Analysis

Previously developed and validated methods were used for 
the analysis of the samples. APAP and four metabolites 
(APAP-Gluc, APAP-Sulf, APAP-Merc, and APAP-Cys) 
were quantified in venous plasma, venous blood, and in 
venous or capillary VAMS samples via liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS), with an indi-
vidual LC-MS/MS method, and hence individual calibrators 
and QCs for each of the different matrices [15]. In short, 
starting from 100 µL plasma or blood, the analytes were 
extracted (10 min, 23 °C) via a protein precipitation step. 
For the VAMS samples, a 30 min extraction at 60 °C with 
acetonitrile-water (80:20, v/v) was performed. Subsequently, 
the supernatant was evaporated and reconstituted in 100 µL 
water (0.01% formic acid). The compounds were chroma-
tographically separated in a 4 min gradient run. The assay 
ranges from 0.10 to 50.0 µg/mL for APAP, APAP-Gluc, and 
APAP-Sulf, and from 0.01 to 5.00 µg/mL for APAP-Merc 
and APAP-Cys. The method validation demonstrated that 
accurate and precise results are obtained, with accuracies 
ranging from 88–112%, and intra- and interday coefficient 
of variation (CV) ≤ 12.5% and 18.8%, respectively, at the 
lower limit of quantification (LLOQ), and ≤ 9.9% and 
12.4%, respectively, for the other QC levels [15]. Further-
more, method validation included in-depth evaluation of sta-
bility, (hematocrit-independent) recovery and (hematocrit-
independent) matrix effects [15]. The effect of a lipemic 
sample matrix was not included as part of method validation 
based on reasons detailed in electronic supplementary mate-
rial (ESM) Sect. 1.

Fig. 1   Sampling scheme for 
the collection of venous blood 
and capillary VAMS samples. 
Venous VAMS samples were 
generated from the venous 
blood samples at time points 
where capillary VAMS samples 
were collected. VAMS volumet-
ric absorptive microsampling, 
APAP acetaminophen, IV 
intravenous

Time

1g APAP 
(IV)

2g APAP 
(IV)

1g APAP 
(IV)

During surgery A�er surgery

venous blood sample

capillary VAMS sample

x x x
x

x
x

x x x
x

x
x

x
x

xx x
x

x x
x

x x

venous VAMS sample x x x x x x x

t0 t0.25 t0.50 t1.00 t1.50 t2.00 t3.00 t4.00 t5.00 t6.00 t24 t24.25t25.50 t27.00t30.00t0.75
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Passing–Bablok regression analysis of paracetamol concentrations in 
vVAMS plotted against the blood concentrations. VAMS volumetric 
absorptive microsampling, vVAMS venous VAMS, cVAMS capillary 
VAMS, B:P blood:plasma, CI confidence interval
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2.4 � Comparison of the Different Matrices

For all analytes, four comparisons were made between the 
different matrices: (1) blood versus plasma; (2) vVAMS 
versus blood; (3) cVAMS versus vVAMS; and (4) cVAMS 
versus blood. Method agreement was evaluated via the gen-
eration of Bland–Altman (BA) plots, and time-dependent 
differences between the matrices were evaluated via the 
generation of boxplots per sampling time point. MedCalc 
(version 19.7.2; Medcalc Software, Oostende, Belgium) was 
used to generate BA plots and to perform Passing–Bablok 
regression analysis. Boxplots were generated using Graph-
pad Prism 9 (version 9.0.2; Graphpad Software, San Diego, 
CA, USA). When comparing vVAMS and blood concen-
trations, an acceptance criterion of < 20% mean difference 
for two-thirds of the samples was taken for all analytes, as 
recommended by Capiau et al. [16]. For the other compari-
sons, no specific preset acceptance criteria can be applied, as 
there may be intrinsic differences between blood and plasma 
concentrations on the one hand and venous and capillary 
concentrations on the other hand. A detailed description 
regarding these different comparisons can be found in ESM 
Sect. 2.

3 � Results and Discussion

3.1 � Paracetamol

An overview of the results for all analytes per comparison 
can be found in Table 1.

For APAP, a negative slope of − 0.26 (95% confidence 
interval [CI] − 0.31 to − 0.21) was found when comparing 
blood and plasma results (Fig. 2a; n = 278), indicating that 
the bias changes with the concentration. Overall, a mean 
bias of 5.5% (95% CI 4.5–6.5%) was found. The limits of 
agreement (LoA) lay at − 11.4% and 22.4% (Table 1), with 
the span between the upper and lower LoA being within the 
anticipated differences between both methods based on the 
method validation [15]. A median B:P ratio of 1.07 (95% CI 
1.06–1.09) was found, which is in alignment with previous 
reports [17, 18]. When looking at the B:P ratio per sam-
pling time point (Fig. 2b), the median B:P ratio at t0.25 was 
significantly lower than the ratio at time points longer after 
APAP administration (t3.00 to t30.00). This time-dependent 
change in B:P ratio was also seen when plotting the median 
B:P ratio in function of the sampling time (ESM Fig. S1a), 
where the median B:P ratio increased until an equilibrium 
was reached after approximately 3 h. Moreover, a negative 
bias was observed in the samples with high APAP concen-
trations (i.e., the samples collected at the early sampling 
time points), which also indicates that the B:P equilibrium 
was not yet attained in these samples.

For the comparison of vVAMS and blood (Fig.  2c; 
n = 132), a slight positive trend was observed over the 
concentration range (slope 0.13; 95% CI 0.02–0.25). The 
mean bias was 5.9% (95% CI 4.4–7.3%) and the LoA lay at 
− 10.5% and 22.2% (Table 1). As recommended by Capiau 
et al., an acceptance criterion of < 20% mean difference 
for two-thirds of the samples was taken when comparing 
vVAMS and blood concentrations [16]. For APAP, this 
acceptance criterion was fulfilled, with 128/132 of the dif-
ferences being < 20%, demonstrating that the determination 
in dried blood (starting from VAMS samples) resulted in 
overall limited and acceptable differences, compared with 
the determination in liquid blood. Passing–Bablok regres-
sion demonstrated that a significant, but limited, propor-
tional error was present, whereas no systematic error could 
be detected (Fig. 2d).

When comparing vVAMS and cVAMS concentrations 
(Fig. 2e; n = 131), a mean difference of 4.0% was observed 
(95% CI 1.6–6.4%). The LoA lay at − 23.3% and 31.3% 
(Table 1). When looking at the ratio cVAMS/vVAMS per 
time point (Fig. 2f), the median ratio for the time points 
shortest after APAP administration (t0.50 and t24.25) was 
significantly higher than at the time points longer after 
APAP administration (t1.00 to t30.00). This points to a time-
dependent change of the capillary/venous APAP concentra-
tion ratio. This was also previously reported by Moham-
med et al. and Spooner et al., who reported higher APAP 
concentrations in capillary blood than in venous blood up 
to 60 min after dosing [19, 20]. It should be noted that these 
studies involved oral dosing of APAP, whereas here, APAP 
was administered intravenously. As can be seen in Fig. 2e, 
the span between the LoA for the comparison of cVAMS 
versus vVAMS is wider than for the comparison of vVAMS 
versus liquid blood (54.6% vs. 32.7%, respectively). When 
the results obtained at t0.50 and t24.25 for the comparison of 
cVAMS versus vVAMS were excluded from the BA plot, the 
span between the LoA decreased to 38.6% (ESM Fig. S2a). 
Hence, the wider span in Fig. 2e can primarily be explained 
by the aforementioned altering cVAMS/vVAMS ratio over 
the different time points. Therefore, an equilibration between 
capillary and venous APAP concentrations should be taken 
into account when evaluating APAP PK, which also applies 
to the following metabolites showing a time-dependent dif-
ference in capillary and venous concentrations. To some 
extent, the wider span can also be explained by a somewhat 
larger imprecision for the analysis of cVAMS samples, when 
compared with vVAMS samples generated in the laboratory. 
The latter obviously applies for all following analytes. Two 
previous studies, conducted by our own group, have found 
that VAMS sampling from a finger-prick added an additional 
imprecision of 5% and 9% compared with VAMS, which 
were sampled in the laboratory from venous blood [21, 22].
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For the comparison of cVAMS and blood concentra-
tions (Fig. 2g; n = 131), a mean difference of 9.1% (95% 
CI 6.8–11.5%) was found, and the LoA were − 17.4% and 
35.7% (Table 1). Remarkably, the mean bias here was higher 
than that observed for the comparison of vVAMS and blood 
(5.9%) and cVAMS and vVAMS (4.0%). However, when 
comparing cVAMS and blood results, two variables are eval-
uated and should be taken into account: (1) the effect of the 
use of VAMS as a sampling technique, and (2) the effect of 
capillary versus venous blood sampling. Hence, the results 
obtained for the cVAMS-blood comparison represent ‘a 
combination’ of the results obtained for the vVAMS-blood 
comparison and the cVAMS-vVAMS comparison. Obvi-
ously, this also applies to the following analytes. Addition-
ally, considering the time-dependent change in the capillary/
venous APAP concentration ratio, results obtained at t0.50 
and t24.25 were excluded from the BA plot (ESM Fig. S3a). 
The span covered by the LoA decreased from 53.1 to 45.9%, 
however to a lesser extent than observed when comparing 
cVAMS and vVAMS results.

3.2 � Paracetamol‑Glucuronide

For APAP-Gluc, a negative bias was observed when com-
paring blood with plasma concentrations (Fig. 3a; n = 280), 
indicating a B:P ratio < 1. The median B:P ratio observed 
was 0.52 (95% CI 0.51–0.53). As far as we are aware, this 
is the first time B:P ratios are reported for any of the APAP 
metabolites. The mean difference was − 61.3% (95% CI 
− 62.4 to − 60.1%) and the LoA lay at − 81.0% and − 41.5% 
(Table 1). A negative slope was observed for the regression 
line (− 0.24; 95% CI − 0.35 to − 0.13), indicating that the 
bias changes with the concentration. No significant differ-
ences in the median B:P ratio were observed among the dif-
ferent time points (Fig. 3b).

For the comparison of concentrations in vVAMS and liq-
uid blood samples (Fig. 3c; n = 132), a mean difference of 
1.1% (95% CI − 0.5 to 2.8%) was found, and the LoA lay 
within the ± 20% interval (Table 1). Consequently, this com-
parison met the preset acceptance criterion, with 128/132 of 
the differences laying within the ± 20% interval. A positive 
slope of 0.36 (95% CI 0.11–0.60) was observed. Here, a 
slight proportional error as well as a systematic error were 
observed (Fig. 3d), as 1 and 0 were (just) not included in the 
95% CI of the slope and intercept, respectively.

For the comparison of cVAMS and vVAMS concentra-
tions (Fig. 3e; n = 132), a mean difference of 6.5% (95% 
CI 4.3–8.7%) was found, and the LoA were − 18.1% and 
31.2% (Table 1). Evaluation of the cVAMS/vVAMS ratios 
for each time point (Fig. 3f) revealed significant differences 
between the median ratio of t0.50 and time points t2.00 to t30.00. 
When excluding the results obtained at t0.50 and t24.25 from 
the BA plot (ESM Fig. S2b), the span between the LoA only 

slightly decreased (from 49.3 to 42.6%), with this decrease 
being much less pronounced than that observed for APAP 
(16%, from 54.6 to 38.6%) [ESM Fig. S2a]. This could be 
expected, since for APAP-Gluc, contrarily to APAP, the ratio 
obtained at t24.25 was not significantly different from the ratio 
obtained at the other time points.

When comparing cVAMS with blood results (Fig. 3g; 
n = 131), a mean difference of 7.5% (95% CI 5.1–9.8%) was 
observed and the LoA lay at − 18.6% and 33.5% (Table 1). 
When excluding the results obtained at the first time points 
after APAP administration (t0.50 and t24.25) [ESM Fig. S3b], 
the span covered by the LoA essentially remained the same 
(decrease from 52.1 to 50.9%).

3.3 � Paracetamol‑Sulfate

For APAP-Sulf, an overall negative bias of 41.9% (95% CI 
− 43.1 to − 40.7%) was found when comparing blood and 
plasma concentrations (Fig. 4a; n = 280), as was also the 
case for APAP-Gluc, although the overall bias here was 
less negative. The median B:P ratio determined was 0.65 
(95% CI 0.64–0.66). The LoA lay at − 61.3% and − 22.5% 
(Table 1). Similarly as for APAP-Gluc, the trend line showed 
a negative slope of − 0.51, however the 95% CI was wider 
(− 0.86 to − 0.16). Furthermore, there were no significant 
differences between the time points in terms of median B:P 
ratio (Fig. 4b).

For the comparison of APAP-Sulf concentrations in 
vVAMS and blood samples (Fig. 4c; n = 133), a mean 
bias of 0.2% (95% CI − 1.5 to 2.0%) was found. Again, the 
acceptance criterion was met, with 126/133 of the differ-
ences within ± 20%. The LoA lay at − 19.7% and 20.2% 
(Table 1). For this comparison, the slope (− 0.56) did not 
significantly differ from 0 (95% CI − 1.23 to 0.12). Pass-
ing–Bablok regression showed no significant deviation from 
1, and from 0 for the slope and the intercept, respectively 
(Fig. 4d).

When comparing cVAMS and vVAMS concentrations 
(Fig. 4e; n = 132), a mean difference of 1.0% (95% CI 
− 1.0 to 3.0%) was noted, and the LoA lay at − 22.0% and 
24.0% (Table 1). When looking at the ratio cVAMS/vVAMS 
(Fig. 4f), no significant differences in the median could be 
deduced amongst the different time points. Consequently, 
contrarily to APAP and APAP-Gluc, the span between the 
LoA only slightly changed when the results obtained at the 
first time points after APAP administration (t0.50 and t24.25) 
were excluded from the BA plot (ESM Fig. S2c).

A mean difference of 1.3% (95% CI − 1.1 to 3.6%) was 
found for the comparison of cVAMS and blood results 
(Fig. 4g; n = 132). The LoA lay at − 25.6% and 28.1% 
(Table 1). In line with the cVAMS-vVAMS comparison 
and similar to what was observed for APAP-Gluc, the range 
covered by the LoA hardly changed when results obtained 
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Fig. 3   Bland–Altman plots for the comparison of a blood and plasma 
concentrations; c vVAMS and blood concentrations; e cVAMS and 
vVAMS concentrations; and g cVAMS and blood concentrations of 
paracetamol-glucuronide. The green area indicates the 20% accept-
ance criterion. Boxplots of b paracetamol-glucuronide B:P ratios and 
f paracetamol-glucuronide cVAMS/vVAMS concentration ratios per 
sampling time point. The boxes indicate the 25th and 75th percen-
tile and the median, and the flags show the minimum and maximum 
values. The inverted black triangles indicate the time points at which 

intravenous administration of paracetamol over 15 min was finished. 
Single and double asterisks (* and **) indicate significant differences 
from the median of b t0.25 or f t0.50 and t24.25, respectively (Dunn’s 
multiple comparison test, α  =  0.05). d Passing–Bablok regression 
analysis of paracetamol-glucuronide concentrations in vVAMS plot-
ted against the blood concentrations. VAMS volumetric absorptive 
microsampling, vVAMS venous VAMS, cVAMS capillary VAMS, B:P 
blood:plasma, CI confidence interval
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Fig. 4   Bland–Altman plots for the comparison of a blood and plasma 
concentrations; c vVAMS and blood concentrations; e cVAMS and 
vVAMS concentrations; and g cVAMS and blood concentrations of 
paracetamol-sulfate. The green area indicates the 20% acceptance 
criterion. Boxplots of b paracetamol-sulfate B:P ratios and f par-
acetamol-sulfate cVAMS/vVAMS concentration ratios per sampling 
time point. The boxes indicate the 25th and 75th percentile and the 
median, and the flags show the minimum and maximum values. The 
inverted black triangles indicate the time points at which intravenous 

administration of paracetamol over 15 min was finished. Single and 
double asterisks (* and **) indicate significant differences from the 
median of b t0.25 or f t0.50 and t24.25, respectively (Dunn’s multiple 
comparison test, α  =  0.05). d Passing–Bablok regression analysis 
of paracetamol-sulfate concentrations in vVAMS plotted against the 
blood concentrations. VAMS volumetric absorptive microsampling, 
vVAMS venous VAMS, cVAMS capillary VAMS, B:P blood:plasma, 
CI confidence interval
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Fig. 5   Bland–Altman plots for the comparison of a blood and plasma 
concentrations; c vVAMS and blood concentrations; e cVAMS and 
vVAMS concentrations; and g cVAMS and blood concentrations of 
paracetamol-mercapturate. The green area indicates the 20% accept-
ance criterion. Boxplots of b paracetamol-mercapturate B:P ratios 
and f paracetamol-mercapturate cVAMS/vVAMS concentration ratios 
per sampling time point. The boxes indicate the 25th and 75th per-
centile and the median, and the flags show the minimum and maxi-
mum values. The inverted black triangles indicate the time points at 

which intravenous administration of paracetamol over 15 min was 
finished. Single and double asterisks (* and **) indicate significant 
differences from the median of b t0.75 or f t1.00 and t24.25, respectively 
(Dunn’s multiple comparison test, α  =  0.05). d Passing–Bablok 
regression analysis of paracetamol-mercapturate concentrations in 
vVAMS plotted against the blood concentrations. VAMS volumetric 
absorptive microsampling, vVAMS venous VAMS, cVAMS capillary 
VAMS, B:P blood:plasma, CI confidence interval
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at t0.50 and t24.25 were excluded from the BA plot (ESM 
Fig. S3c).

3.4 � Paracetamol‑Mercapturate

As was the case for the other APAP metabolites, APAP-
Merc concentrations were also lower in blood than in plasma 
(Fig. 5a; n = 242). The mean bias was − 63.4% (95% CI 
− 64.8 to − 62.1%) and the LoA was − 84.3% and − 42.5% 
(Table 1). Only a slight negative slope was found (− 0.89; 
95% CI − 16.3 to 14.5), indicating that the differences were 
evenly spread around the mean over the complete concentra-
tion range. The median B:P ratio found was 0.52 (95% CI 
0.51–0.53). While for the other analytes, the vast majority 
of the samples had concentrations above the LLOQ (except 
for t0 samples, collected before the administration of any 
APAP), for APAP-Merc, the samples collected shortly after 
the first APAP dose (t0.25 and t0.50) frequently had undetect-
able or low signals for APAP-Merc. For blood and plasma 
samples collected at t0.25 and t0.50, only three and four sam-
ples had a quantifiable concentration of APAP-Merc, respec-
tively. Therefore, the B:P ratios at t0.25 and t0.50 were not 
included when evaluating the B:P ratio per sampling time 
point. Overall, for 249/280 (89%) plasma and 243/280 (87%) 
blood samples a result could be obtained, with 242 paired 
samples being available for method comparison. APAP-
Merc is the last one being formed in the metabolism path-
way of the metabolites included in this study (ESM Fig. S4). 
Hence, it could be expected that at the early time points, the 
analyte is not yet formed or the concentration is still too low 
to be detected using the current method, as was also the case 
in the study by Flint et al. [23]. When looking at the B:P 
ratio per sampling time point, no time-dependent change in 
median B:P ratio was observed (Fig. 5b).

The comparison of vVAMS and blood concentrations 
(Fig. 5c; n = 117) showed that 111/117 of the differences 
were within ± 20%, again fulfilling the acceptance crite-
rion. At t0.50, only four blood samples and the correspond-
ing vVAMS samples had a concentration above the LLOQ, 
which could be compared. The mean difference was 2.0% 
(95% CI − 0.2 to 4.1%) and the LoA lay at − 21.0% and 
24.9% (Table 1). Likewise as for the blood-plasma com-
parison, a negative slope was found (− 44.9; 95% CI − 84.6 
to − 5.3), although this does not seem to affect the deter-
mination of APAP-Merc in VAMS samples compared with 
blood in a relevant manner, as evidenced by the relatively 
narrow span of the LoA. Moreover, Passing–Bablok regres-
sion showed no proportional and systematic error (Fig. 5d).

A mean difference of 6.7% (95% CI 4.2–9.2%) was found 
when comparing cVAMS and vVAMS samples (Fig. 5e; 
n = 116). The LoA lay at − 19.9% and 33.3% (Table 1). 
Here, in only three of the cVAMS-vVAMS sample pairs col-
lected at t0.50 a quantitative result was obtained. Therefore, 

no cVAMS/vVAMS ratio was included for t0.50 in this com-
parison. The median cVAMS/vVAMS ratio found at t1.00 
was higher than the ratio obtained for the other time points 
(Fig. 5f). When the results obtained at the first time points 
after APAP administration were excluded from the BA plot, 
the span between the LoA decreased to a similar extent as 
was seen for APAP-Gluc (ESM Fig. S2d).

When comparing cVAMS and blood results (Fig. 5g; 
n = 116), a mean difference of 8.7% (95% CI 5.7–11.6%) 
was noted and the LoA lay at − 23.0% and 40.3% (Table 1). 
The span covered by the LoA decreased when excluding 
the results obtained at t1.00 and t24.25 (from 63.3 to 54.8%) 
[ESM Fig. S3d].

3.5 � Paracetamol‑Cysteine

When comparing blood and plasma concentrations of 
APAP-Cys (Fig. 6a; n = 278), an overall negative bias of 
47.0% was found (95% CI − 51.3 to − 42.7%). Again, a trend 
could be discerned over the concentration range, with a more 
negative bias with increasing concentrations, indicated by 
the slope of the regression line (slope − 40.2; 95% CI − 51.6 
to − 28.9). The LoA lay at − 118.0% and 24.0% (Table 1). 
The range covered by these LoA is very broad (142%), and 
hence we can say that the agreement between blood and 
plasma concentrations for APAP-Cys is poor. When looking 
at the data in more detail (ESM Fig. S5a), mainly the first 
two sampling time points after the first APAP dose (t0.25 and 
t0.50) led to the differences with a positive bias. As discussed 
in our previous report, we anticipate that in blood samples 
where APAP is present, there will be higher concentrations 
of APAP-glutathione (APAP-GSH) in blood compared with 
plasma [15]. It is also known that APAP-GSH degrades to 
APAP-Cys. As in this comparison, the first time points (t0.25 
and t0.50) also correspond to the samples with the highest 
APAP concentrations (see Sect. 3.1), it can be anticipated 
that in these blood samples, high APAP-GSH levels may 
have been present, which could have degraded to APAP-Cys. 
This would cause a falsely high concentration of APAP-Cys 
in those blood samples. Since we assume that this happens to 
a much lesser extent in plasma because of the lower concen-
tration of APAP-GSH in plasma, this could cause a positive 
bias in whole blood. When the results obtained at t0.25 and 
t0.50 were excluded from the BA plot (ESM Fig. S5b), the 
span between the LoA nearly halved (from 142 to 76%), 
which supports our hypothesis that the agreement between 
APAP-Cys blood and plasma concentrations is mainly poor 
at the first sampling time points, when APAP concentra-
tions are high. APAP-GSH was not included in the current 
assessment of patient samples, as it was not included in the 
analytical methods for quantitative determination in the dif-
ferent matrices. As discussed in our previous report, this 
decision was made based on preliminary analysis of plasma 
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Fig. 6   Bland–Altman plots for the comparison of a blood and plasma 
concentrations; c vVAMS and blood concentrations; e cVAMS and 
vVAMS concentrations; and g cVAMS and blood concentrations 
of paracetamol-cysteine. The green area indicates the 20% accept-
ance criterion. Boxplots of b paracetamol-cysteine B:P ratios and f 
paracetamol-cysteine cVAMS/vVAMS concentration ratios per sam-
pling time point. The boxes indicate the 25th and 75th percentile and 
the median, and the flags show the minimum and maximum values. 
The inverted black triangles indicate the time points at which intrave-

nous administration of paracetamol over 15 min was finished. Single 
and double asterisks (* and **) indicate significant differences from 
the median of b t0.25 or f t0.50 and t24.25, respectively (Dunn’s multiple 
comparison test, α = 0.05). d Passing–Bablok regression analysis of 
paracetamol-cysteine concentrations in vVAMS plotted against the 
blood concentrations. VAMS volumetric absorptive microsampling, 
vVAMS venous VAMS, cVAMS capillary VAMS, B:P blood:plasma, 
CI confidence interval
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samples from patients included in the PK study receiving 
therapeutic doses of APAP. In these samples, all analytes 
were detected, except for APAP-GSH, which was undetect-
able or only present at levels below the proposed LLOQ 
of 0.10 µg/mL in most of the samples [15]. As no data are 
available on the stability of APAP-GSH in blood, we can-
not estimate to what extent APAP-GSH contributes to the 
bias and concentration-dependent trend. The positive bias 
at the first two sampling time points could also be detected 
when evaluating the median B:P ratio per sampling time 
point (Fig. 6b). The median B:P ratio obtained at t0.25 was 
significantly higher than the B:P ratios obtained at all other 
time points, except t0.50. The median B:P ratio of the latter 
was in turn significantly higher than the B:P ratio obtained at 
t24.25. For APAP-Cys, a median B:P ratio of 0.56 was found 
(95% CI 0.55–0.58).

For the comparison of APAP-Cys concentrations in 
vVAMS and blood samples (Fig. 6c; n = 131), a mean bias 
of 10.4% was found (95% CI 6.4–14.4%). Likewise, as for 
the blood-plasma comparison, the trend line shows a nega-
tive slope (− 52.6; 95% CI − 72.2 to − 33.1), and the LoA 
lay at − 34.5% and 55.3% (Table 1). Overall, 40/131 (30%) 
of the differences were larger than 20%. While formally this 
is still borderline within the acceptance criterion (33%), 
we consider this too large to conclude equivalence. There 
seems to be a concentration-dependent difference in bias, 
and mainly for the concentrations < 0.15 µg/mL, mostly cor-
responding to the earliest sampling time points, the bias is 
unacceptable. A hypothesis for this positive bias could again 
be related to the presence of falsely elevated concentrations 
of APAP-Cys in these samples, owing to the degradation of 
APAP-GSH in these samples. Upon drying of the vVAMS, 
for a minimum of 2 h, it is possible that APAP-GSH fur-
ther degrades to APAP-Cys, while the corresponding blood 
samples were almost immediately frozen at − 80 °C after 
having been used to generate vVAMS samples. Although the 
method validation, where stability was evaluated using sam-
ples spiked with a mix of all analytes, did not reveal stability 
issues for the evaluated analytes [15], it can be expected that 
APAP-GSH (not monitored here owing to stability issues) 
is formed in samples taken shortly after administration, 
when APAP concentrations are much higher than those of 
the metabolites. As we know that APAP-GSH may degrade 
to APAP-Cys, this may lead to falsely elevated APAP-Cys 
concentrations in the patient samples collected shortly after 
APAP administration. During the method validation, APAP 
concentrations (and hence also possibly in vitro formed 
APAP-GSH) were low when APAP-Cys concentrations were 
low. Therefore, if during method validation any APAP-Cys 
would have been formed due to the degradation of APAP-
GSH, it may not have significantly increased the concentra-
tion of APAP-Cys, also readily present in the validation set. 
Here, however, APAP (and hence also APAP-GSH formed 

thereof) was high when APAP-Cys concentrations were low. 
Therefore, the relative contribution of APAP-Cys formed 
by degradation of APAP-GSH could be relevant and yield a 
falsely elevated result for APAP-Cys if APAP-GSH was not 
stable during drying of the vVAMS samples. Furthermore, 
the range covered by the LoA decreased when excluding 
the results obtained at the first sampling time point (t0.50) 
[ESM Fig. S6], however this decrease was less pronounced 
when compared with the blood-plasma comparison. Both 
a proportional and systematic error were found (Fig. 6d).

For the comparison of vVAMS and cVAMS concentra-
tions (Fig. 6e; n = 132), the LoA span was narrower than 
in the vVAMS-blood comparison (Table 1). The mean dif-
ference was 1.4% (95% CI − 0.9 to 3.7%). There was also 
no significant difference between the time points in terms 
of the cVAMS/vVAMS median ratio (Fig. 6f) and, conse-
quently, removal of the results obtained at t0.50 only slightly 
decreased the span covered by the LoA (ESM Fig. S2e).

A mean difference of 11.8% (95% CI 8.0–15.5%) was 
found and the LoA lay at − 30.6% and 54.1% (Table 1) 
for the comparison of cVAMS and blood results (Fig. 6g; 
n = 131). Here, the mean bias and the range covered by the 
LoA was similar to that seen for the comparison of vVAMS 
and blood results (84.7% and 89.8% for the cVAMS-blood 
comparison and vVAMS-blood comparison, respectively) 
(Fig. 6c). Furthermore, when excluding the results obtained 
at t0.50 from the BA plot (ESM Fig. S7), the span covered 
by the LoA decreased to a similar extent as was seen for the 
vVAMS-blood comparison (ESM Fig. S6) [i.e., a decrease 
of 13.7% and 10.6% for the cVAMS-blood comparison 
and vVAMS-blood comparison, respectively]. This could 
be expected, as it can be assumed that the degradation of 
APAP-GSH to APAP-Cys will occur to a similar extent in 
both vVAMS and cVAMS samples during the drying of the 
VAMS samples. The latter was also substantiated by the 
relatively good agreement between APAP-Cys cVAMS and 
vVAMS concentrations (Fig. 6e).

For the purpose of PK evaluations, it is also valuable 
to look at the summed concentrations of APAP-Merc and 
APAP-Cys, as these two analytes represent the CYP2E1 
metabolism pathway (ESM Fig. S4). Therefore, the results 
obtained for APAP-Merc and APAP-Cys were also summed 
and analyzed similarly as the other analytes. Overall, simi-
lar results as for the comparison based only on APAP-Cys 
were found. This could be expected, since, at all sampling 
time points, APAP-Cys concentrations were higher than 
APAP-Merc concentrations (with APAP-Cys contributing 
to ≥ 76% of the summed concentrations of the metabolites) 
[ESM Fig. S8]. A detailed overview of these results can be 
found in ESM Sect. 3.

There were some limitations of this study. First, an intrin-
sic limitation is the monitoring of APAP-Cys in both liquid 
and dried blood samples. Due to the possible post-sampling 



1732	 L. Boffel et al.

degradation of APAP-GSH to APAP-Cys, APAP-Cys con-
centrations in (dried) blood should be interpreted with cau-
tion. Hence, as discussed in the previous paragraph, for the 
CYP2E1 metabolism pathway, the concentrations of APAP-
Cys and APAP-Merc will be summed in the PK analysis. If 
any APAP-GSH would be present and degrade to APAP-
Cys during sample analysis and storage, the concentration 
of APAP-Cys will reflect the sum of APAP-GSH and APAP-
Cys at the time of sample collection. Second, although the 
number of patients included in this study was relatively low, 
the many sampling time points did allow us to conduct an 
in-depth comparative evaluation, based on a sufficiently high 
number of data points. Last, at this point, no PK evaluation 
has been conducted, owing to the limited number of patients. 
The ongoing inclusion of more obese and non-obese patients 
in this study will allow us to make comparative statements 
on potential differences in PK parameters between these 
populations in the future.

4 � Conclusion

In this study, we compared the concentrations of APAP and 
four of its metabolites in different matrices, namely plasma, 
blood, vVAMS, and cVAMS, the latter obtained via finger-
prick, in obese and non-obese patients.

For APAP, a median B:P ratio of 1.07 was found. Over-
all, the differences between APAP concentrations in blood 
and plasma remained limited. For the metabolites, a strongly 
negative mean bias was seen in the comparison of blood 
versus plasma concentrations, with B:P ratios ranging from 
0.52 to 0.65. Furthermore, the differences remained limited, 
except for APAP-Cys, for which the range covered by the 
LoA was very broad. Additionally, a time-dependent change 
in B:P ratio was found for APAP and APAP-Cys.

Importantly, the comparison of vVAMS and blood con-
centrations met the preset acceptance criteria, demonstrating 
that the use of VAMS devices did not relevantly affect the 
quantification of the analytes compared with their determi-
nation in liquid venous blood. Only for APAP-Cys, caution 
should be paid to the interpretation of concentrations in 
dried blood, as we also stated previously.

Furthermore, the differences between capillary and 
venous concentrations of all analytes remained limited, 
demonstrating that finger-prick sampling is suitable to con-
duct PK studies for APAP. A time-dependent difference 
was observed for APAP, APAP-Gluc, and APAP-Merc, 
with higher capillary than venous concentrations shortly 
after dosing. Hence, an equilibration between capillary and 
venous concentrations should be taken into account when 
evaluating the PK profile of these analytes. The agreement 
of the PK parameters determined from the different matrices, 
as well as potential differences between obese and non-obese 

patients, is to be evaluated and requires further inclusion of 
patients, which is ongoing.

To conclude, the set-up described in this study can be 
applied as a framework for future PK studies for other ana-
lytes, allowing extensive comparison of different matrices 
and evaluation of time-dependent differences between these 
matrices.
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