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Abbreviations: 

AAFE, absolute average fold error  

AUC, area under the plasma drug concentration versus time curve 

CL, total plasma clearance 

CLint, intrinsic clearance for the drug 

CLint,m, intrinsic clearance for the metabolite 

Cmax, maximum plasma drug concentration 

ER, extraction ratio 

Ka, absorption constant 

Ka,buccal, buccal absorption rate constant  

Ka,gut, gut absorption rate constant 

Kp, tissue-to-plasma partition coefficient for the drug 

Kp,m, tissue-to-plasma partition coefficient for the metabolite 

PBPK, physiologically-based pharmacokinetics 

PK, pharmacokinetics 

PK-PD, pharmacokinetics-pharmacodynamics 

tmax, the time taken to reach the maximum plasma drug concentration 

Vss, volume of distribution at steady state 
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Abstract 

It has been shown that arterial (central) and venous (peripheral) plasma drug concentrations can 

be very different. While pharmacokinetic studies typically measure drug concentrations from 

peripheral vein such as the arm vein, physiologically-based pharmacokinetic (PBPK) models 

generally output simulated concentrations from central venous compartment that physiologically 

represents the right atrium, a merge of superior and inferior vena cava. In this study, a 

physiologically-based peripheral forearm sampling site model was developed and verified using 

nicotine, ketamine, lidocaine, and fentanyl. This verified model allows output of simulated 

peripheral venous concentrations that can be meaningfully compared to the observed 

pharmacokinetic data from arm vein. The generalized effect of PBPK model sampling site on 

simulation output was investigated. Drugs and metabolites with large volumes of distribution 

showed considerable concentration discrepancy between simulated central venous compartment 

and peripheral arm vein after intravenous or oral administration, resulting in significant differences 

in Cmax and tmax values. In addition, the simulated central venous metabolite profile showed an 

unexpected profile that was not observed in peripheral arm vein. Using fentanyl as a model 

compound, we show that using the wrong sampling site in PBPK models can lead to biased model 

evaluation and subsequent erroneous model parameter optimization. Such error in model 

parameters along with the discrepant sampling site could dramatically mislead the 

pharmacokinetic prediction in unstudied clinical scenarios, affecting the assessment of drug safety 

and efficacy. Overall, this study shows that PBPK model publications should specify the model 

sampling sites and match with those employed in clinical studies. 
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Significance Statement 

Our study shows that sampling from the central venous compartment (right atrium) during PBPK 

model development gives rise to biased model evaluation and erroneous model parameterization 

when observed data are collected from peripheral arm vein. This can lead to clinically significant 

error in predictions of plasma concentration-time profiles in unstudied scenarios. To address this 

error, we developed and verified a novel peripheral sampling site model to simulate arm vein drug 

concentrations that can be applied to different drug dosing scenarios.    
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Introduction 

Physiologically-based pharmacokinetic (PBPK) modeling has been widely used to facilitate design 

of first-in-human dosing (Jones et al., 2013; Offman and Edginton, 2015; Miller et al., 2019), 

estimate magnitude of drug-drug interactions (DDIs) (Min and Bae, 2017; Grimstein et al., 2018; 

Britz et al., 2019), predict pharmacokinetic parameters (Huang and Isoherranen, 2018; Kaur et al., 

2018), and simulate drug disposition in specific populations (Khalil and Läer, 2011; Rowland Yeo 

et al., 2011; Huang et al., 2017). The underlying theory (Jones et al., 2006; Rowland et al., 2011; 

Jones and Rowland-Yeo, 2013) and common applications (Jones et al., 2012; Sager et al., 2015; 

Jamei, 2016) of PBPK models have been extensively reviewed in the literature. Regulatory 

agencies also use PBPK modeling to facilitate decision making during drug approval process 

(Huang et al., 2013; Luzon et al., 2017; Shebley et al., 2018). Surprisingly, the specific nature of 

the sampling site of the primary PBPK simulation outcome, drug concentration data, is rarely 

explicitly discussed. Simulation output is typically the drug concentration in the central venous 

compartment that drains blood from the tissue/organ compartments (Kuepfer et al., 2016). This 

central venous compartment is built in the PBPK models as a mixed compartment that merges all 

the tissue/organ-specific veins. Physiologically this central venous compartment resembles the 

right atrium where superior and inferior vena cava merge together. However, in clinical practice 

and in pharmacokinetic studies, plasma samples (i.e. the observed data) are usually taken from a 

peripheral sampling site such as the median cubital vein (i.e. arm vein). This generates a 

concerning discrepancy between the modelled and observed data, as measured drug concentrations 

from arm artery, which are essentially equivalent to the drug concentrations in the right atrium  

(assuming lung distribution is not significant and distribution equilibrium in the lung is reached 

instantaneously) have been shown to differ from concentrations in peripheral vein for multiple 
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drugs (Chiou, 1989; Gourlay and Benowitz, 1997; Ericsson et al., 2000; Rentsch et al., 2001; 

Persson et al., 2002; Darwish, Kirby, et al., 2006; Olofsen et al., 2010). This arteriovenous drug 

concentration difference has been shown to affect pharmacokinetic-pharmacodynamic (PK-PD) 

modeling when pharmacodynamic effect is empirically fitted to plasma drug concentrations. 

(Gumbleton et al., 1994; Jacobs and Nath, 1995; Tuk et al., 1997). Due to the observed discrepancy 

between arterial and arm vein concentrations, the derived PK-PD relationship using different 

concentrations as reference may differ. This may result in misspecified PK-PD models that fail to 

predict PD in other circumstances. Based on the observed arteriovenous drug concentration 

differences, we hypothesized that PBPK-model simulated concentration profiles, model 

parameterization, model acceptance and model extrapolation will be impacted by model sampling 

site.  

Two previous studies that developed a virtual peripheral blood compartment to model drug 

concentrations at peripheral sampling site have shown differences in the simulated concentrations 

depending on the sampling site (Levitt, 2004; Musther et al., 2015). However, neither study 

established a physiologically-based forearm compartment, which prevents capturing the unique 

forearm tissue distribution phenomenon at the sampling site. Instead, both studies employed 

empirical fitting strategy to estimate peripheral blood concentration. The first study (Levitt, 2004) 

mentioned that such fitting could not be conducted in a global manner and the verification of the 

fitted peripheral site using a different set of test drugs was unsuccessful. The second study 

(Musther et al., 2015) modified Levitt’s model but did not verify the model using arterial 

concentrations or arteriovenous difference. In addition, neither study addressed 1) the general 

impact of sampling site on different compounds with varying properties, 2) the arteriovenous 

difference after oral dosing, 3) the arteriovenous difference for drug metabolite, and 4) the impact 
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of model sampling site selection on PBPK model development, evaluation, and application. Hence, 

further studies are needed to understand the importance of sampling site selection in PBPK 

modeling. In this study, a physiologically-based forearm compartment was developed and verified 

as the peripheral sampling site in the PBPK model. The verified model was then used to explore 

the differences in the simulated concentrations between different PBPK model sampling sites after 

intravenous and oral dosing for drugs and metabolites with a wide spectrum of pharmacokinetic 

properties. Finally, the model was applied to simulate central arterial and peripheral arm vein 

concentrations after fentanyl buccal administration to demonstrate the impact of discrepant 

sampling site on model evaluation, parameter optimization, and prediction in unstudied scenarios 

during model application and extrapolation.   
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Materials and Methods 

Development of full body PBPK parent-metabolite structural model with peripheral forearm 

sampling site 

A 32-compartment parent-metabolite full-body PBPK model (Figure 1) was developed using 

MATLAB and Simulink platform (R2018a; MathWorks, Natick, MA). A central venous (i.e. 

physiologically analogous to right atrium) compartment was included to merge all organ/tissue-

specific emergent veins before encountering the lung compartment. A central arterial compartment 

was built to receive blood from the lungs and distribute blood flows to all tissue compartments. 

Similar to conventional full PBPK models (Rowland et al., 2011; Jones and Rowland-Yeo, 2013), 

12 physiologically important tissues and organs (adipose, bone, brain, gut, heart, kidney, liver, 

lung, muscle, skin, spleen, and pancreas) were included in the model (Supplementary Table 1). 

Except liver, all other tissue/organ compartments including forearm were modeled as perfusion-

limited compartments where drug distribution was assumed to reach equilibrium instantaneously 

between tissue mass and tissue blood, with a total drug concentration gradient defined by tissue-

to-plasma partition coefficient (Kp). For the liver, a permeability-limited model including two 

compartments, the hepatocytes and the sinusoidal blood, was built. In this study, the exchange of 

drug between the two compartments was determined by passive diffusion which was set to be 

sufficiently high to reflect perfusion-limited hepatic distribution. The hepatic metabolism of drug 

and metabolite, and the formation of metabolite in the liver were modeled to occur within the 

hepatocyte compartment (Figure 1).  

A forearm compartment was incorporated in parallel with other distribution organs based on 

known physiology to capture drug distribution to the peripheral sampling site (Figure 1). Since the 

median cubital vein is a superficial vein that mostly drains from adipose, muscle, and skin tissues 
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of the forearm, the forearm compartment only included these three tissue types and neglected bone 

that is believed to be drained only by the deep vein. The model parameters of volumes (Cooper et 

al., 1955) and blood flows (Elia and Kurpad, 1993) of the forearm adipose, muscle, and skin are 

physiological values in humans and are summarized in Supplementary Table 1. Each of the 

forearm tissues was assumed to share the same Kp value as the respective tissues in the rest of the 

body. Structurally, the forearm compartment was modeled as a perfusion-limited tissue with 

anastomoses taken into account as a blood flow shunt directly from arm artery into arm vein. A 

previously applied fit-for-purpose anastomoses fraction of 10% (Musther et al., 2015) was used in 

the arm model in the current study. Sensitivity analyses were conducted (Supplementary Figure 1 

and 2) to examine the potential impact of parameter uncertainty on central venous compartment 

(right atrium) and peripheral arm vein drug concentrations. Specifically, the influence of Kp values 

of muscle, adipose, and skin tissues and anastomoses fraction were tested. For the sensitivity 

analysis, the baseline condition was set with Kp values for all tissues equal to 3 (Vss = 200 L) and 

anastomoses fraction equal to 10%. Overall, 2 sets of scenarios were tested after iv administration. 

For the first set of scenarios, Kp values of muscle, adipose or skin were either increased from 3 to 

5 or decreased from 3 to 1.  In all scenarios, Kp values for other untested tissues were adjusted 

uniformly such that the Vss remained at 200 L to avoid the impact of total volume changes on drug 

disposition and the simulated plasma concentration curves. In addition, the impact of the 

anastomoses fraction was examined by increasing anastomoses fraction from 10% to 30% and 

decreasing anastomoses fraction from 10% to 0%. For the second set of scenarios, Kp values of 

muscle, adipose or skin were either increased from 3 to 10 or decreased from 3 to 1 without 

controlling for the Vss, so that only one parameter was changed at a time and a wider range of Kp 

values could be tested. For sampling in the simulations, plasma drug concentrations were sampled 
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from the central venous compartment (right atrium), central artery compartment, and peripheral 

forearm vein (Figure 1). The model file and code script are provided in Supplementary Material. 

 

Verification of the peripheral forearm sampling site model  

To verify our developed physiologically-based forearm model as the peripheral sampling site, six 

observed pharmacokinetic studies conducted with nicotine, ketamine, lidocaine, and fentanyl after 

intravenous administration were used (Tucker and Boas, 1971; Gourlay and Benowitz, 1997; 

Persson et al., 2002; Isohanni et al., 2005; Macleod et al., 2012; Ziesenitz et al., 2015). Plasma 

concentration-time curves from these studies were digitized using WebPlotDigitizer (version 4.2, 

https://automeris.io/WebPlotDigitizer). To simulate the plasma concentration-time profile for 

nicotine, ketamine, lidocaine, and fentanyl, drug-specific models for individual compounds were 

built and detailed drug parameters are shown in Table 1. The physicochemical properties, plasma 

unbound fraction, and blood-to-plasma ratios were collected from literature for each compound 

(Rodgers and Rowland, 2007). Tissue-specific Kp values that have been experimentally 

determined in the rat were used for each drug (Edwards and Mather, 2001; Rodgers et al., 2005). 

For the tissues/organs that did not have experimentally determined Kp data for a given drug, a 

value of 1 was used. The systemic plasma clearances that were reported in each of the 

corresponding human studies used for verification were used in the model (Persson et al., 2002; 

Pitsiu et al., 2002; Isohanni et al., 2005; Macleod et al., 2012; Ziesenitz et al., 2015). One study 

(Tucker and Boas, 1971) did not report the observed clearance value, and therefore a secondary 

source (Goodman et al., 2006) was used for lidocaine clearance. The hepatic intrinsic clearance 

was calculated assuming well-stirred model and the systemic clearances were all attributed to 

hepatic clearance. All simulations used the same dosage, route of administration, and infusion 
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length as described in the original clinical studies (Tucker and Boas, 1971; Gourlay and Benowitz, 

1997; Persson et al., 2002; Isohanni et al., 2005; Macleod et al., 2012; Ziesenitz et al., 2015). A 

representative virtual subject was used in all simulations with typical physiological values without 

variability. The simulated plasma drug concentrations were sampled from the central venous 

compartment (right atrium), which is essentially equal to arterial compartment, and from the 

developed peripheral arm vein compartment to compare to the observed arterial and arm vein 

concentrations, respectively. 

For quantitative evaluation and model verification, absolute average fold error (AAFE, equation 

1) between observed and simulated data was calculated. The model was considered acceptable if 

the AAFE was within the 1.5-fold criteria.   

                                                             𝐴𝐴𝐹𝐸 = 10
'
(
∑*+,-'.

/01234567
89:6;<67 *                                           (1) 

 

Sampling site effect on PBPK model-simulated plasma drug concentrations after 

intravenous administration  

The verified model was used to investigate whether the effect of PBPK model sampling site on 

simulated plasma drug concentration-time profiles and PK parameters could be generalized for a 

wide range of compounds that have not been experimentally studied for arteriovenous drug 

concentration difference. A matrix of 9 hypothetical drugs with a range of clearance and 

distribution characteristics was produced for generalization purposes. The simulated hypothetical 

drugs had clearances that ranged from low (metabolic intrinsic clearance, CLint=10 L/hr, extraction 

ratio, ER=0.1) to medium (CLint=100 L/hr, ER=0.53) and high (CLint=1000 L/hr, ER=0.92) 

clearance and distribution characteristics that varied from volume of distribution at steady state 

(Vss) of 66 L (Kp =1 for all organs) to Vss of 189 L (Kp =3 for all organs) and Vss of 619 L (Kp =10 
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for all organs). The blood-to-plasma ratio and plasma unbound fraction were 1 for all simulations 

and renal and biliary clearances were set as 0. All simulations were run for 240 hrs after dosing. 

The AUCs were calculated from t=0-240 hrs using trapezoidal method in MATLAB, and the Clast 

value was the drug concentration at t=240 hrs. To simulate intravenous dosing, 1,000 mg drug was 

infused at a constant rate into the central venous compartment (right atrium). First, iv infusion 

times of 1 min, 5 min, 10 min, 20 min, and 30 min were tested (Supplementary Figure 3). Based 

on these simulations, a 1 min infusion time was selected and used for all subsequent simulations 

of iv bolus dosing.  

 

Verification of the fentanyl model after buccal administration  

To explore the arteriovenous differences for route of administration other than iv, the fentanyl drug 

model verified for iv administration was used and expanded to capture arteriovenous differences 

after buccal administration. A PK study that reported both arterial and peripheral arm vein fentanyl 

concentrations after buccal administration was used as the training dataset for model development 

(Darwish, Kirby, et al., 2006). Plasma concentration-time curves were digitized using 

WebPlotDigitizer (version 4.2, https://automeris.io/WebPlotDigitizer). To simulate the fentanyl 

buccal administration, 50% of the dose was absorbed through buccal and the other 50% was 

absorbed through gut based on the drug label (FDA, 2011). The absorption was assumed to be 

complete from both buccal and the GI routes (i.e. Fa=1). Intestinal metabolism was assumed to be 

zero (i.e. Fg=1). The buccal absorption rate constant (ka,buccal) and gut absorption rate constant 

(ka,gut) were optimized to be 1 hr-1 and 3 hr-1, respectively, based on the training dataset (Darwish, 

Kirby, et al., 2006). To verify the optimized absorption rate parameters, three independent datasets 

(Darwish, Tempero, et al., 2006; Darwish et al., 2010) that reported only peripheral arm vein 

concentrations were used as the test dataset. During the verification, the simulated plasma drug 
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concentrations sampled from the developed forearm vein compartment were compared to the 

observed peripheral arm vein concentrations. For quantitative evaluation and model verification, 

AAFE and Cmax ratio were calculated. The model was considered acceptable if the AAFE was 

within the conventional 2-fold criteria and the Cmax ratio was within the 0.8-to-1.25-fold range.   

 

Sampling site effect on PBPK model-simulated plasma drug concentrations after oral 

administration  

After the verification of fentanyl buccal administration, the model was used to investigate the 

effect of PBPK model sampling site on simulated plasma drug concentration-time profiles for a 

set of hypothetical drugs with a wide range of PK characteristics after oral administration. A matrix 

of 15 hypothetical drugs with a range of clearance and distribution parameters was generated. The 

simulated hypothetical drugs had clearances that ranged from low (CLint=10 L/hr, ER=0.1) to 

medium (CLint=100 L/hr, ER=0.53) and high (CLint=1000 L/hr, ER=0.92) clearance, and 

distribution characteristics that varied from Vss = 66 L (Kp =1 for all organs), Vss = 189 L (Kp =3 

for all organs), Vss = 619 L (Kp =10 for all organs ), Vss = 209 L (Kp =1 for adipose, muscle, and 

skin and Kp =10 for all other organs), and Vss = 477 L (Kp =10 for adipose, muscle, and skin and 

Kp =1 for all other organs). The blood-to-plasma ratio and plasma unbound fraction were 1 for all 

simulations and renal and biliary clearances were set as 0. All simulations were run for 240 hours 

after dosing, the AUCs from t=0-240 hrs were calculated using trapezoidal method in MATLAB 

and the Clast value was the drug concentration at t=240 hrs. To simulate po dosing, 1,000 mg drug 

was introduced into the gut lumen followed by immediate complete dissolution and homogeneous 

distribution inside the lumen. The drug absorption from gut lumen into intestinal blood was 

described by a single first order rate constant ka. Drug appearance in the portal vein was driven by 
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both ka and the blood flow of the gut. Fraction absorbed (Fa) was assumed to be one and no 

intestinal metabolism occurred. First, ka values of 0.2, 0.5, 1, 2, and 5 hr-1 were simulated 

(Supplementary Figure 4), and based on these simulations, ka value of 1 hr-1 was selected for the 

matrix of oral dosing simulations unless otherwise stated. 

 

Sampling site effect on PBPK model evaluation, parameter optimization, and model 

extrapolation  

To explore the potential impact of the use of a discrepant sampling site between PBPK model 

simulations and observed studies on model evaluation during top-down model development, 

fentanyl disposition after buccal administration was used as a representative scenario. Three 

observed datasets of fentanyl buccal administration (Darwish, Tempero, et al., 2006; Darwish et 

al., 2010) that reported only peripheral arm vein sampling were used and the simulated central 

venous compartment (right atrium) fentanyl concentrations were compared to the observed arm 

vein data. The model evaluations were considered acceptable if the Cmax ratio met the 0.8-to-1.25-

fold criterion and if the AAFE was within the conventional 2-fold criterion. The ka values in the 

fentanyl model were then optimized using central venous compartment (right atrium) as the 

sampling site (Darwish et al., 2010) so that the simulated central venous compartment  

concentrations met the model verification criteria when compared to the observed arm vein data.  

The collective impact of the choice of sampling site on PBPK model development and the rigor in 

predicting unstudied situations was evaluated in a hypothetical scenario where a new buccal 

formulation of fentanyl was created with an estimated 400% increase in the buccal absorption rate. 

Both arm vein model with verified ka values and the central venous compartment sampling model 

with ka values optimized using discrepant sampling site were used to simulate fentanyl PK in this 
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unstudied clinical scenario. The predicted Cmax change for the new formulation was calculated 

based on the arm vein model and the central venous compartment sampling model. 

 

Sampling site effect on PBPK model simulated plasma metabolite concentrations  

The impact of sampling site on simulated metabolite kinetics was studied via simulations of plasma 

concentration-time curves of metabolites with a matrix of different drug and metabolite 

characteristics. Three scenarios of hypothetical drug (CLint) and metabolite (CLint,m) intrinsic 

clearance combinations were simulated: 1) CLint=10 L/hr, CLint,m=20 L/hr, 2) CLint=1000 L/hr, 

CLint,m=20 L/hr, 3) CLint=10 L/hr, CLint,m=2000 L/hr. For each combination of drug and metabolite 

intrinsic clearances, different distribution kinetics of the metabolite were simulated: 1) metabolite 

Kp (Kp,m)=1, 2) Kp,m=3, and 3) Kp,m=10 for all organs, with the drug Kp values of all organs =3. 

For the simulations, the drug was administered either as a 1,000 mg iv bolus over 1 min into the 

central venous compartment or as a 1,000 mg oral dose into the gut lumen as described above. The 

ka and Fa were as described above and no metabolite was formed in the gut tissue. 
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Results 

Development and verification of the full body PBPK structural model with peripheral 

forearm sampling site 

A full physiologically-based pharmacokinetic (PBPK) model with a novel peripheral forearm 

sampling site was developed using conventional PBPK model structure and incorporating both 

peripheral and central sampling sites (Figure 1). A forearm compartment consisting of forearm 

muscle, forearm skin, and forearm adipose with human physiology-based volumes and blood flows 

for each tissue was included in the model to allow arm vein sampling (Supplementary Table 1). 

To evaluate the impact of parameter uncertainty on central venous compartment (right atrium) and 

peripheral arm vein concentrations, sensitivity analyses were conducted. The results 

(Supplementary Figure 1 and 2) show that the Kp of muscle is the most sensitive parameter, which 

would be expected as the forearm predominantly consists of muscle tissue and the blood perfusion 

rate for muscle is the lowest among all forearm tissues (Supplementary Table 1). In addition, an 

optimized anastomoses fraction of 10% (Musther et al., 2015) was used in the present model, and 

the sensitivity analyses show that this parameter is not critically sensitive (Supplementary Figure 

1). The sensitivity analyses also show that while the arm vein concentration profile is sensitive to 

the Kp values or arm tissues and anastomoses fraction, the arterial and central venous compartment 

(right atrium) concentrations are relatively insensitive to these parameters.  

To verify the developed model, nicotine, ketamine, lidocaine, and fentanyl pharmacokinetic (PK) 

data collected from arm artery and vein after iv administration were used (Figure 2). These drugs 

were chosen after an extensive literature search, based on data availability of arterial and arm vein 

concentrations and experimentally measured Kp values in animals. PK data from six clinical 

studies where arterial or arm vein drug concentrations were reported after intravenous 
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administration were collected (Tucker and Boas, 1971; Gourlay and Benowitz, 1997; Persson et 

al., 2002; Isohanni et al., 2005; Macleod et al., 2012; Ziesenitz et al., 2015). Notably, nicotine and 

ketamine studies reported simultaneous arterial and arm vein drug concentration-time profiles 

during and after iv infusion. The average fold difference between the observed arterial and arm 

vein data across all analyzed time points was 1.7 for nicotine (Figure 2a) and 1.6 for ketamine 

(Figure 2b), illustrating the considerable differences between arterial and arm vein drug 

concentrations during and after iv infusion.  

To simulate the observed PK data and to verify the developed model, drug-specific models for 

nicotine, ketamine, lidocaine, and fentanyl were developed (Table 1), both central venous 

compartment (right atrium) and peripheral arm vein concentrations were simulated, and the 

simulations were compared to the observed arterial and arm vein data, respectively. Overall, both 

arterial and arm vein concentrations were successfully recapitulated for all four drugs in all seven 

studies with AAFE values within 1.5-fold (Figure 2), verifying the developed forearm structural 

model. The simulated drug concentration-time profiles sampled from the central venous 

compartment (right atrium) superimposed with the simulated drug concentration-time profiles 

sampled from artery compartment (Figure 2a, 2b, 2c, and 2e), confirming that the central venous 

compartment (right atrium) sampling accurately represents the arterial data when lung distribution 

is not significant and distribution equilibrium is reached instantaneously. For nicotine and 

ketamine, two drugs for which observed simultaneous arterial and arm vein concentrations after 

iv administration are available, the simulated drug concentration-time profiles successfully 

captured the observed arteriovenous difference (Figure 2). For these studies, the arm vein 

concentrations were consistently lower than the arterial concentrations before pseudo-equilibrium 

was reached. This difference is likely due to forearm tissue distribution (dilution) effect, resulting 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 11, 2019 as DOI: 10.1124/jpet.119.262154

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #262154 
 

19 
 

in a lower Cmax in the arm vein compared to the arterial concentration. For lidocaine and fentanyl, 

for which observed simultaneous arterial and arm vein concentrations were not available, separate 

studies that reported either arterial or arm vein concentration data were used for model verification. 

The independent recapitulation of either arterial or arm vein observed concentration data was 

successful based on the AAFE values that were within 1.5-fold (1.16 to 1.35). Importantly, none 

of these simulations of iv dosing applied any scalar or implemented any optimization besides top 

down incorporation of CL and prediction of Vss based on observed rat Kp values. This further 

supports the confidence in the forearm structural model verification. As such, this work establishes 

the first physiologically-based peripheral sampling site model that has been verified using 

simultaneous arterial and arm vein concentration data. The verification results suggest that our 

model accurately captures the arterial concentration-time profile, arm vein concentration-time 

profile, and the arteriovenous difference and that the forearm structural model is sufficiently robust 

to be applied to simulate drug disposition for other unstudied compounds and scenarios.  

 

Sampling site effect on PBPK model-simulated plasma drug concentrations after 

intravenous administration  

To investigate whether certain drug specific PK characteristics contribute to the magnitude of 

arteriovenous concentration difference after iv administration, the central venous compartment 

(right atrium), central artery and peripheral forearm vein concentrations were simulated after iv 

administration for a matrix of hypothetical drugs (Figure 3). The pharmacokinetic analyses of the 

simulation data from each site are shown in Supplementary Table 2. The simulations 

unequivocally show that selection of PBPK model sampling site affects the simulated distribution 

kinetics and the plasma concentration-time profile of the drug, and the differences between 
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sampling sites can be considerable. However, the areas under plasma concentration-time curves 

(AUCs) and clearances (CLs) were equal among all sampling sites (Supplementary Table 2). As 

expected, the simulated central venous compartment (right atrium) concentrations and central 

artery concentrations were superimposable (lung distribution is not significant and distribution 

equilibrium in lung is reached instantaneously). In contrast, similar to the observed studies (Figure 

2a and 2b), the arm vein concentrations during the initial distribution phase and arm vein Cmax 

were much lower than central venous compartment (right atrium) concentrations after iv dosing 

(Figure 3). In addition, slower iv infusion rate or longer duration of infusion did not eliminate the 

discrepancy in the concentrations between sampling sites (Supplementary Figure 3). The 

simulations with a matrix of hypothetical drugs showed that the impact of sampling site on the PK 

characteristics was more pronounced for drugs with high volumes of distribution (Figure 3). Drugs 

with large volume of distribution showed an appreciable concentration difference during the 

distribution phase where arm vein drug concentrations were consistently lower than central venous 

compartment (right atrium) drug concentrations. Lastly, after distribution pseudo-equilibrium was 

reached (i.e. terminal elimination phase), the simulated peripheral arm vein concentrations were 

consistently higher than those collected from the central venous compartment, with drugs with 

higher clearances showing greater differences between the sampling sites. Taken together, these 

data show that special attention to the choice of experimental and simulation sampling site should 

be paid for drugs with large volumes of distribution or high clearances.   

 

Sampling site effect on PBPK model-simulated plasma drug concentrations after oral 

administration  
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Reported clinical studies investigating arteriovenous differences are almost exclusively conducted 

after iv administration. However, we hypothesized that significant sampling site effect would also 

be observed after oral administration. Indeed, significant arteriovenous drug concentration 

differences were shown for fentanyl after buccal administration (Darwish, Kirby, et al., 2006). To 

explore this difference, the fentanyl model verified after iv dosing (Figure 2) was further developed 

and verified for buccal administration (Figure 4). To simulate buccal administration, buccal 

absorption rate constant (ka,buccal) and gut absorption rate constant (ka,gut) were incorporated into 

the model and optimized to be 1 hr-1 and 3 hr-1, respectively, based on observed fentanyl 

arteriovenous difference (Figure 4a). To verify the optimized buccal absorption rate constant 

(ka,buccal) and gut absorption rate constant (ka,gut), three independent studies were used as test 

datasets (Figure 4b-d). As shown in Figure 4, the optimized absorption rate parameters 

successfully recapitulated all independent test datasets sampled from arm vein with all AAFE 

values < 2 and all simulated Cmax values within the 0.8-to-1.25-fold range of observed Cmax values 

(Figure 4b-d). Hence, the optimized absorption rate constants were considered successfully 

verified. Such verification substantiates the validity of our forearm structural model and the 

applicability of our model to simulate arteriovenous differences after oral administration. The data 

with fentanyl after buccal administration (Darwish, Kirby, et al., 2006) also strongly suggest that 

importance of arteriovenous differences is not limited to iv administration.  

To investigate the overall effect of sampling site on arteriovenous concentration difference after 

oral administration, the verified model was used to simulate arterial and arm vein drug 

concentrations after oral dosing for a matrix of drugs with a variety of PK parameters (Figure 5). 

Similar to the iv dosing, the simulations of oral administration show that selection of the PBPK 

model sampling site affects the simulated drug distribution kinetics and the plasma drug 
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concentration-time profile, but not AUCs (Supplementary Table 3). Specifically, the arm vein 

concentrations during the initial distribution phase were lower than the central venous 

compartment (right atrium) concentrations, and slower oral absorption rates did not eliminate this 

discrepancy (Supplementary Figure 4). This impact of sampling site during the initial distribution 

phase was more pronounced for drugs with large volumes of distribution. Especially, the Kp values 

of skin, adipose, and muscle, which directly affect the forearm distribution kinetics had a sizable 

effect on the concentration difference between arm vein and central venous compartment (right 

atrium) (Figure 5j-o). As a result, the values of Cmax and tmax were substantially affected. The 

simulated Cmax value obtained by sampling from central venous compartment was higher than the 

Cmax obtained from peripheral arm vein, with a Cmax ratio between the two sites ranging from 1.07 

to 4.25 (Figure 5). The simulated tmax value for the drug based on central venous sampling was 

consistently shorter (0.12-0.72-fold) than the tmax from peripheral arm vein sampling (Figure 5). 

Similar to the iv dosing, during the terminal elimination phase, the simulated arm vein 

concentrations of the drug were higher than those collected from the central venous compartment, 

and drugs with higher clearances showed greater differences (Supplementary Table 3). Taken 

together, these simulations show that the choice of sampling site has quantitatively important effect 

also after oral administration on clinically significant measures of drug exposure and accumulation 

such as Cmax and Ctrough.  

 

Sampling site effect on PBPK model evaluation, parameter optimization, and model 

extrapolation  

During PBPK model development, simulated central venous compartment (right atrium) 

concentrations are usually compared to observed PK data that are almost exclusively obtained 
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from peripheral arm vein, and the PK parameters are optimized to achieve concordance between 

simulated and observed data. Due to the true differences between central venous compartment 

(right atrium) and peripheral arm vein concentrations, we hypothesized that the use of simulated 

central venous compartment concentration-time profile and observed arm vein concentrations may 

result in biased model evaluation despite the use of verified “true” parameters. This hypothesis 

was tested using the verified fentanyl buccal and iv administration model (Figure 6). While the 

verified absorption rate parameters correctly simulated peripheral and arterial fentanyl 

concentrations (Figure 4), the use of central venous compartment (right atrium) sampling site as 

the PBPK model output with observed arm vein data rendered all simulations unacceptable with 

AAFE values > 2 and Cmax ratios outside the 0.8-to-1.25-fold range (Figure 6). As a result, when 

discrepant sampling site is used, the true drug parameters are likely not selected for the PBPK 

model under development (Figure 7a). Instead, false model parameters will be obtained through 

erroneous model optimization until the simulated central venous profile conforms to the observed 

arm vein data (Figure 7b). The difference between the “true” and “false” parameter estimates can 

be considerable as illustrated by the fentanyl example. While the verified “true” parameters for 

ka,buccal and ka,gut were 1 hr-1 and 3 hr-1, respectively (Figure 4), the erroneously optimized ka,buccal 

and ka,gut for central venous sampling were 0.35 hr-1 and 0.7 hr-1 respectively (Figure 7b). This 

illustrates that parameter optimization using simulated central venous profile and observed arm 

vein sampling may result in confounded drug models that do not accurately reflect the true 

pharmacokinetic properties.  

To test whether the erroneous parameter optimization has an impact in model application and 

whether the use of discrepant sampling sites between simulation and observation can result in 

biased prediction in unstudied clinical scenarios, a hypothetical case with increased ka,buccal (new 
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formulation) for fentanyl was simulated using the model optimized based on arm vein (“true”) 

(Figure 7c) and central venous sampling (“false”) (Figure 7d). The Cmax in the arm vein due to new 

formulation was predicted to increase by 40% (Figure 7c) using the verified arm model and 

verified absorption parameters, while the Cmax using central venous sampling and erroneous 

parameters was predicted to increase by 119% (Figure 7d). This shows an approximately 3-fold 

difference in the predicted magnitude of formulation effect on Cmax which would be considered 

clinically significant. The simulations show that PBPK models developed and optimized using 

central venous sampling can erroneously predict the impact of new formulation on 

pharmacokinetics and drug disposition, and lead to wrong conclusions that have clinical 

significance.   

 

Sampling site effect on simulated plasma metabolite concentration using PBPK model 

An aspect that has not been clinically tested in humans is whether sampling site has an impact on 

metabolite plasma concentration profile. To investigate the overall sampling site effect on plasma 

metabolite concentration, the central venous compartment (right atrium) and peripheral forearm 

vein were sampled for simulated metabolite concentrations after iv (Figure 8) and oral (Figure 9) 

administration of the parent drug. The simulation data show that selection of the sampling site 

affects the simulated distribution kinetics and the plasma concentration-time profile of the 

metabolite as well, but not the metabolite AUC. Similar to the parent drug, the impact of sampling 

site on metabolite simulation was more pronounced with metabolites with high volumes of 

distribution (high Kp,m, Figures 8 and 9). The simulated metabolite Cmax value obtained by 

sampling from central venous compartment was in general higher than the metabolite Cmax 
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obtained from arm vein, with a Cmax ratio between the two sites ranging from 1.00 to 4.62 (Figures 

8 and 9).  

Intriguingly, the choice of the sampling site in PBPK simulations of metabolites had some 

unexpected effects. A metabolite plasma concentration-time profile is expected to follow a 

biphasic curve of increasing and decreasing plasma concentrations. However, metabolite 

concentrations sampled from the central venous compartment (right atrium) showed a unique 

profile with a spike in the metabolite concentrations during the distribution phase of the parent 

drug after iv dosing (Figure 8a, 8d, and 8g) followed by a second peak of the plasma concentrations 

corresponding to the metabolite Cmax expected from arm vein sampling. The presence of the spike 

could also be observed after po dosing when the drug had a low clearance (Figure 9d and 9g) but 

was less pronounced compared to iv dosing. Further, the spike observed from central venous (right 

atrium) profile was hardly observed from arm vein profile, which agrees with observed metabolite 

profile from common clinical studies.  
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Discussion 

It has been shown that arterial drug concentrations can be remarkably different from peripheral 

venous drug concentrations in animals and humans (Chiou, 1989; Gourlay and Benowitz, 1997; 

Ericsson et al., 2000; Rentsch et al., 2001; Persson et al., 2002; Darwish, Kirby, et al., 2006; 

Olofsen et al., 2010). The physiologically-based simulations presented here reproduced the 

observed phenomenon of arteriovenous drug concentration differences. To our knowledge, our 

peripheral sampling model is the first physiologically-based model that is verified using both 

arterial and arm vein drug concentrations simultaneously. Our analysis is also the first to 

systematically evaluate drug PK characteristics that drive arteriovenous drug concentration 

differences after both iv and oral administration. Consistent with previous theory (Chiou, 1989), 

the simulations show that arteriovenous differences during the initial distribution phase are most 

pronounced for compounds with large volumes of distribution since the arteriovenous difference 

during initial phase is due to drug distribution into the forearm tissue. During the terminal 

elimination phase, the arteriovenous differences are only significant for compounds with high 

clearances, as the arteriovenous difference during terminal phase is a result of the blood emerging 

from the eliminating organ diluting the drug concentration measured in the central venous 

compartment (right atrium). The simulations also show that arteriovenous differences in drug 

concentrations can be significant following oral administration. This is important as minimal 

clinical studies have been done to explore arteriovenous differences after oral administration in 

humans. Yet, PBPK modeling is frequently used to simulate oral dosing scenarios and to 

specifically explore the Cmax. Based on our simulations and the existing data (Gourlay and 

Benowitz, 1997; Moksnes et al., 2008), it is highly likely that arteriovenous differences are also 

important following other routes of administration such as intranasal or inhalation and should be 
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considered in PBPK modeling of these routes of administration. In addition, our PBPK modeling 

approach could be extended to preclinical species in which experimental studies with various 

sampling sites and routes of administration are feasible and the model predictions can be verified. 

Based on the observed arteriovenous differences, we hypothesized that this difference would be 

crucial for PBPK modeling when the model does not output simulations from the same site as the 

observed study. As one of the key advantages of PBPK models is that they allow simulation of 

complete plasma concentration-time curves and especially Cmax for drugs with narrow therapeutic 

indexes that have concerns of concentration-dependent adverse effects, it is important to address 

whether correct simulated concentrations are sampled from PBPK models to reflect the 

concentrations driving pharmacological or toxicological effects. Our findings highlight the need 

for either sampling from arm artery in experimental PK studies and comparing to PBPK model-

simulated arterial concentrations, or sampling from the arm vein in studies and comparing to 

simulated peripheral sampling compartment concentrations. For the latter, our results suggest that 

a peripheral sampling compartment that specifically addresses distribution at a peripheral sampling 

site needs to be developed and incorporated into PBPK models to allow meaningful comparisons 

between simulated and observed drug concentrations.  

In this study, an in silico peripheral sampling compartment was developed using human forearm 

physiology to replicate peripheral sampling site. In contrast, previous models (Levitt, 2004; 

Musther et al., 2015) used optimized hybrid of emergent veins from total body skin, adipose and 

muscle tissue without constructing a physiologically-based peripheral sampling compartment. 

Comparing to the previous hybrid models, the physiologically-based model developed here 

performed better, showing successful simulations of all verification datasets (AAFE 1.16-1.35) 

without extensive drug parameter optimization. The first study (Levitt, 2004) used optimized 
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hybrid approach and could not generate a standardized arm model. Different arm model parameters 

were needed to recapitulate disposition for different chemicals. The second study (Musther et al., 

2015) modified the Levitt’s model and used the simulated/observed Cmax ratio as the evaluation 

criteria. Only 6 of 15 test datasets had a simulated/observed Cmax ratio within 0.8-to-1.25-fold and 

the model was not validated using arterial and arm vein concentration data simultaneously. One 

uncertain parameter in all these models is the anastomoses fraction. Due to incomplete 

physiological information of anastomoses in human, a 10% fraction was estimated previously and 

used here. This is likely an acceptable parameter as the sensitivity analysis (Supplementary Figure 

1) showed that it is not a critically sensitive parameter. Commercial PBPK software such as 

Simcyp also provides the option to sample from a peripheral site, using the published model 

(Musther et al., 2015). However, whether Simcyp users employ this during modeling is unclear. 

Although our forearm sampling model is distinctly different from the Simcyp model, the 

discrepancy between simulated central and peripheral concentrations for both drug and metabolite 

after iv and po dosing was qualitatively replicated using Simcyp version 17 (Supplementary Figure 

5). Therefore, this phenomenon appears to be a general consideration for all PBPK models. More 

attention should be payed to specifying and reporting the sampling site in PBPK modeling 

regardless of the modeling platform used. For establishing compound-specific drug models, it is 

advisable to experimentally determine the Kp values for muscle (most sensitive), skin, and adipose 

to capture sampling site distribution. If not possible, the Kp values can be refined via fitting 

approach together with observed arterial and arm vein concentrations. 

The critical importance of the choice of the sampling site in PBPK models is further emphasized 

by the impact on model verification, parameter optimization, and model extrapolation. A common 

practice of top-down PBPK model development is to optimize experimentally undetermined 
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parameters until the observed data are captured by the simulation. Therefore, the choice of 

simulation output is critical. Choosing a PBPK model sampling site that is different from the actual 

site used to collect observed PK data is likely to specifically lead to erroneous parameter 

optimization and rejection of true model parameters due to the inherent differences between 

arterial and arm vein concentrations. This observation is particularly important for parameters that 

are poorly experimentally characterized and therefore typically empirically optimized, such as 

tissue-to-plasma partition coefficient and absorption rate constant. This concept is illustrated in the 

simulations of fentanyl disposition after buccal administration using fentanyl model verified for 

both arterial and arm vein sampling. When concentrations were sampled from central venous 

compartment (right atrium) in the simulations but compared to the observed arm vein 

concentrations, the verified fentanyl model with the true parameters failed to meet model 

acceptance criteria. As a result, fentanyl absorption parameters were optimized erroneously to 

compensate for the inherent sampling site-dependent discrepancy. Importantly, these erroneously 

optimized model parameters mispredicted the impact of changes in formulation and absorption 

rate on Cmax by 3-fold, leading to wrong conclusions of drug safety and efficacy. 

A similar issue of misfitting or model misspecification has been discussed previously regarding 

how arteriovenous differences affect the accurate derivation of PK-PD relationships and therefore 

the prediction of PD (Gumbleton et al., 1994; Jacobs and Nath, 1995; Tuk et al., 1997). Previous 

PK-PD communications regarding arteriovenous differences have mainly used empirically fitted 

compartmental models, and hence cannot be directly compared to mechanistic PBPK models. It 

has been proposed that coupling PBPK model to PK-PD model can provide a mechanistic 

prediction of therapeutic effect given the capacity of the PBPK modeling to simulate tissue drug 

concentrations where the drug effects occur (Kuepfer et al., 2016; Pichardo-Almarza and Diaz-
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Zuccarini, 2016; Boger and Fridén, 2019). Since PK-PD models often assess the time course of 

pharmacological effect and how the onset of effect relates to plasma concentrations during the 

initial distribution phase, strong scrutiny to correct sampling site is necessitated during model 

development.  

Finally, our study extends the PBPK model application to explore the unstudied scenario of 

arteriovenous concentration differences for metabolites after iv and oral administration. Using 

simulations, we discovered an atypical metabolite profile resulting from central venous 

compartment (right atrium) sampling showing a spike during the early distribution phase of the 

parent drug. This unique phenomenon is caused by initial high concentrations of parent drug during 

its distribution phase and rapid appearance of metabolite in central venous compartment (right 

atrium) due to unrestricted passive diffusion across sinusoidal membrane for metabolite formed in 

the liver. This atypical metabolite spike observed from simulated central venous metabolite profile 

was hardly observed from the simulated peripheral arm vein metabolite profile due to tissue 

distribution and dilution at sampling site. The simulated peripheral arm vein metabolite profiles 

shown here agree with commonly observed metabolite profiles from clinical studies.  

In conclusion, this study shows that the developed PBPK model with peripheral sampling 

compartment can successfully recapitulate arteriovenous drug concentration differences and it is 

critically important to match the PBPK model sampling site with the experimental sampling site 

used in clinical studies, especially for drugs with large volumes of distribution or high clearances. 

We also show that arteriovenous differences can be considerable following oral dosing and for 

drug metabolites. The use of discrepant sampling site may lead to biased model evaluation, 

erroneous parameter optimization, and clinically significant mispredictions of plasma 

concentration-time curves. As PBPK-PD models are being developed, attention needs to be payed 
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to assessing arteriovenous differences and using comparable sampling site between simulations 

and observations.   
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Figure Legends 

 

Figure 1. Structure of the PBPK model and the forearm sampling site developed.  (a) 

Schematic diagram of the full body physiologically based parent-metabolite pharmacokinetic 

model with forearm compartment incorporated. Three different sampling sites of drug and 

metabolite are shown. Sampling from central venous compartment (right atrium) and central artery 

compartment are shown with red dashed lines and sampling from the peripheral arm vein is shown 

with blue dashed lines. The intravenous and oral dosing sites are shown with green dashed lines. 

The forearm anastomoses shunt is shown by orange line. (b) The detailed structural model of the 

forearm compartment.   

 

Figure 2. Model verification using arterial and arm vein concentration profiles after 

intravenous administration of four test drugs. Simulated plasma drug concentration time curves 

and observed data are shown. (a) nicotine sampled from central venous compartment (right 

atrium), artery, and peripheral arm vein after 4.2 mg iv infusion over 30 min, (b) ketamine sampled 

from central venous compartment, artery, and peripheral arm vein after 7 mg iv infusion over 30 

min, (c) lidocaine sampled from central venous compartment and artery after 210 mg iv infusion 

over 3 min, (d) lidocaine sampled from peripheral arm vein after 105 mg iv infusion over 1 hour, 

(e) fentanyl sampled from central venous compartment and artery after 25 μg iv bolus over 5 

seconds, and (f) fentanyl sampled from peripheral arm vein after 367 μg infusion over 10 min. 

Red, green, and blue curves represent simulated plasma drug concentration time curves sampled 

from central venous compartment (right atrium), artery, and peripheral arm vein, respectively. Red 

and blue circles represent observed plasma drug concentration data sampled from artery and arm 

vein, respectively. AAFEcentral represents the calculated AAFE comparing simulated central 
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venous compartment (right atrium) drug concentration profile with observed arterial concentration 

data. AAFEperipheral represents the calculated AAFE comparing simulated peripheral arm vein drug 

concentration profile with observed arm vein concentration data. The observed data are from 

(Tucker and Boas, 1971; Gourlay and Benowitz, 1997; Persson et al., 2002; Isohanni et al., 2005; 

Macleod et al., 2012; Ziesenitz et al., 2015).  

 

Figure 3. Simulation of plasma drug concentration-versus time curves after iv 

administration sampled from different sites in PBPK model for hypothetical drugs with 

different clearance and distribution characteristics.  In panels a-c Kp =1, panels d-f Kp =3, and 

panels g-i Kp =10. Panels a, d and g show drugs with ER=0.1, panels b, e and h show drugs with 

ER=0.53, and panels c, f and i show drugs with ER=0.92. All other drug parameters are as 

described in methods. In all panels blue lines represent drug concentrations in the peripheral arm 

vein, red lines represent drug concentrations in the central venous compartment (right atrium) and 

green dashed lines represent drug concentrations in the artery. ER indicates the extraction ratio of 

the model drug and Kp indicates the tissue-to-plasma partition coefficient value of all tissues. All 

simulations were conducted as described in Materials and Methods section. 

 

Figure 4. Development and verification of fentanyl buccal model using arterial and arm 

vein fentanyl concentration data. Panel a shows the development of the fentanyl buccal 

administration model by comparing the simulated drug concentration time profiles from central 

venous compartment (red curves) and peripheral arm vein (blue curves) to the observed arterial 

data (red circles) and observed venous data (blue circles) respectively after 400μg buccal tablet 

administration. Panels b, c, and d show the verification of the developed fentanyl buccal model 

by comparing the simulated arm vein fentanyl concentration time profiles (blue curves) to the 
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observed arm vein fentanyl data (blue circles) after 600μg (Darwish et al., 2010), 1200μg 

(Darwish, Tempero, et al., 2006), and 1300μg (Darwish et al., 2010) buccal tablet administration 

respectively. AAFEperipheral represents the calculated AAFE comparing simulated arm vein drug 

concentration profile with observed arm vein concentration data. Cmax, peripheral ratio represents the 

ratio between simulated maximum arm vein drug concentration and the observed maximum arm 

vein concentration. AAFEcentral represents the calculated AAFE comparing simulated central 

venous compartment (right atrium) drug concentration profile with observed arterial 

concentration data. Cmax, central ratio represents the ratio between simulated maximum central 

venous compartment drug concentration and the observed maximum arterial concentration.  

 

Figure 5. Simulation of plasma drug concentration-versus time curves after oral 

administration sampled from different sites in PBPK model for hypothetical drugs with 

different clearance and distribution characteristics. In panels a-c Kp =1, panels d-f Kp =3, 

panels g-i Kp =10, panels j-l Kp value of adipose, skin, and muscle (Kp1) = 1 and Kp value of other 

organs (Kp2) = 10 and panels m-o Kp value of adipose, skin, and muscle (Kp1) = 10 and Kp value 

of other organs (Kp2) = 1. Panels a, d, g, j and m show drugs with ER=0.1, panels b, e, h, k and n 

show drugs with ER=0.53, and panels c, f, i, l and o show drugs with ER=0.92. All other drug 

parameters are as described in methods. In all panels blue lines represent drug concentrations in 

the peripheral arm vein, red lines represent drug concentrations in the central venous compartment 

(right atrium) and green dashed lines represent drug concentrations in the artery. ER indicates the 

extraction ratio of the model drug. The Cmax ratio in the insets is calculated as the ratio of the Cmax 

of simulated central venous compartment (right atrium) concentrations and Cmax of simulated 

peripheral arm vein concentrations. The tmax ratio is calculated from the tmax of simulated central 

venous compartment concentrations and tmax of simulated arm vein concentrations. 
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Figure 6. Impact of choice of the sampling site on PBPK model evaluation. Panels a, b, and c 

show the impact of discrepant sampling site between observed and simulated data on model 

performance evaluation. The simulated drug concentration time profiles (red curves) are 

conventional PBPK simulation outputs sampled from central venous compartment (right atrium) 

and the observed data are from commonly used arm vein sampling (blue circles) after (a) 600 μg 

(Darwish et al., 2010), (b) 1200 μg (Darwish, Tempero, et al., 2006), and (c) 1300 μg (Darwish et 

al., 2010) buccal tablet administration of fentanyl, respectively. The observed data shown and the 

model used here are the same as the ones shown and used in Figure 4. The AAFEcentral represents 

the calculated AAFE comparing simulated central venous compartment (right atrium) drug 

concentration profile with observed arm vein concentration data. The Cmax, central ratio represents 

the ratio between simulated maximum central venous compartment (right atrium) drug 

concentration and the observed maximum arm vein concentration.  

 

Figure 7. Impact of choice of the sampling site on PBPK model parameter optimization and 

extrapolation to unstudied clinical scenarios. Panel a shows a scenario where the modeler uses 

the PBPK model-simulated central venous compartment (right atrium) concentrations (red curve) 

to compare to the observed data from peripheral arm vein (blue circles), rather than using the 

simulated peripheral sampling site concentrations (gray curve shown for comparison). In this case 

both AAFE and Cmax ratio suggest model rejection although true parameters were used (ka,buccal = 

1 hr-1 and ka,gut = 3 hr-1). Panel b shows the fentanyl simulation with ka,buccal = 0.35 hr-1 and ka,gut = 

0.7 hr-1 based on erroneous parameter optimization to adapt simulated central venous 

concentrations to conform to observed data collected from arm vein. The gray line shows the 

simulated arm vein concentrations using the same “false” parameters. Panel c shows the simulation 
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of the impact of a new formulation with 400% increase in ka,buccal (dashed blue curve) on the 

plasma-concentration curve sampled from the arm vein in comparison to baseline ka,buccal (solid 

blue curve) using verified peripheral sampling site model with true parameters, predicting a 40% 

increase in arm vein Cmax. Panel d shows the simulation of the same new formulation as in panel 

c with 400% increase in ka,buccal (dashed red curve) in comparison to baseline ka,buccal (solid red 

curve) using central venous compartment sampling with the erroneously optimized parameters 

from panel b. The central venous compartment sampling predicts a 119% increase in Cmax. 

 

Figure 8. Simulated plasma metabolite concentration-versus time curves after iv 

administration of parent drug sampled from different sites in PBPK model for metabolites 

with different clearance and distribution characteristics. In panels a-c metabolite Kp (Kp,m) =1, 

panels d-f Kp,m =3, and panels g-i Kp,m =10. Panels a, d and g show metabolite concentration curves 

when drug has an intrinsic clearance (CLint) of 10 L/hr and the metabolite intrinsic clearance 

(CLint,m) is 20 L/hr, panels b, e and h show metabolite concentration curves when drug CLint=1000 

L/hr and the CLint,m is 20 L/hr, and panels c, f and i show metabolite concentration curves when 

drug CLint=10 L/hr and the CLint,m is 2000 L/hr. The drug Kp value of all organs =3 in all panels. 

In all panels blue lines represent metabolite concentrations in the peripheral arm vein, and red lines 

represent metabolite concentrations in the central venous compartment (right atrium). The Cmax 

ratio in each panel is calculated using the Cmax of simulated central venous compartment (right 

atrium) metabolite concentration divided by Cmax of simulated arm vein metabolite concentration. 

 

Figure 9. Simulated plasma metabolite concentration-versus time curves after oral 

administration of drug with PBPK models for metabolites with different clearance and 

distribution characteristics. In panels a-c metabolite Kp (Kp,m ) =1, panels d-f Kp,m =3, and panels 
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g-i Kp,m =10. Panels a, d and g show metabolite concentration curves when drug has an intrinsic 

clearance (CLint) of 10 L/hr and the metabolite intrinsic clearance (CLint,m) is 20 L/hr, panels b, e 

and h show metabolite concentration curves when drug CLint=1000 L/hr and the CLint,m is 20 L/hr, 

and panels c, f and i show metabolite concentration curves when drug CLint=10 L/hr and the CLint,m 

is 2000 L/hr. The drug Kp value of all organs =3 in all panels. In all panels blue lines represent 

metabolite concentrations in the arm vein, and red lines represent metabolite concentrations in the 

central venous compartment (right atrium). The Cmax ratio in each panel is calculated using the 

Cmax of simulated central venous compartment (right atrium) metabolite concentration divided by 

Cmax of simulated arm vein metabolite concentration. 
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Table 1. Physicochemical and pharmacokinetic parameters of drugs used for structural 
model verification 

Parameter Nicotine1 Ketamine2 Lidocaine1 Fentanyl1 
Physicochemical parameters3 

Molecular weight 
(g/mol) 162.23  237.73  234.34 336.47 

pKa 7.80 7.50 8.01 8.99 
LogP 1.17 2.65 2.44 4.05 
fu,p 0.84 0.77 0.35 0.16 
B/P 0.80 1.24 0.87 1.00 

Distribution 
Kp,adipose 0.50 2.8 1.0 26.7 
Kp,bone 1.0 1.0 1.0 1.0 
Kp,brain 2.8 6.0 3.2 3.5 
Kp,gastrointestinal tract 1.0 5.8 3.1 8.4 
Kp,heart 1.9 6.8 2.7 4.5 
Kp,kidney 13.3 11.3 17.2 12.1 
Kp,liver 3.5 5.3 11.5 3.8 
Kp,lung 2.1 7.6 3.8 13.5 
Kp,muscle 1.6 2.0 1.7 3.1 
Kp,pancreas 1.0 1.0 1.0 21.3 
Kp,skin 1.1 1.0 2.6 2.1 
Kp,spleen 1.0 1.0 4.8 27.6 

Metabolism and Excretion 
CLtotal (L/hr) 89 102 38.6(a); 56.3(v) 71.4(a); 83.3(v); 83.5(b) 

 

fu,p, fraction unbound in plasma; B/P, blood-to-plasma ratio; Kp, tissue-to-plasma partition 
coefficient for specific organ/tissue; CLtotal, observed clearance for each study; (a), clinical studies 
used for model verification that report arterial data; (v), clinical studies used for model verification 
that report venous data; (b), clinical study that uses buccal administration; 
1Kp data collected from (Rodgers et al., 2005) 

2Kp data collected from (Edwards and Mather, 2001) 

3Physicochemical data collected from (Rodgers and Rowland, 2007) 
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Figure 1. Structure of the PBPK model and the forearm sampling site developed.  (a) 

Schematic diagram of the full body physiologically based parent-metabolite pharmacokinetic 

model with forearm compartment incorporated. Three different sampling sites of drug and 

metabolite are shown. Sampling from central venous compartment (right atrium) and central artery 

compartment are shown with red dashed lines and sampling from the peripheral arm vein is shown 

with blue dashed lines. The intravenous and oral dosing sites are shown with green dashed lines. 

The forearm anastomoses shunt is shown by orange line. (b) The detailed structural model of the 

forearm compartment.   
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Figure 2. Model verification using arterial and arm vein concentration profiles after 

intravenous administration of four test drugs. Simulated plasma drug concentration time curves 

and observed data are shown. (a) nicotine sampled from central venous compartment (right 

atrium), artery, and peripheral arm vein after 4.2 mg iv infusion over 30 min, (b) ketamine sampled 

from central venous compartment, artery, and peripheral arm vein after 7 mg iv infusion over 30 

min, (c) lidocaine sampled from central venous compartment and artery after 210 mg iv infusion 

over 3 min, (d) lidocaine sampled from peripheral arm vein after 105 mg iv infusion over 1 hour, 

(e) fentanyl sampled from central venous compartment and artery after 25 μg iv bolus over 5 

seconds, and (f) fentanyl sampled from peripheral arm vein after 367 μg infusion over 10 min. 

Red, green, and blue curves represent simulated plasma drug concentration time curves sampled 

from central venous compartment (right atrium), artery, and peripheral arm vein, respectively. Red 

and blue circles represent observed plasma drug concentration data sampled from artery and arm 

vein, respectively. AAFEcentral represents the calculated AAFE comparing simulated central 

venous compartment (right atrium) drug concentration profile with observed arterial concentration 

data. AAFEperipheral represents the calculated AAFE comparing simulated peripheral arm vein drug 

concentration profile with observed arm vein concentration data. The observed data are from 

(Tucker and Boas, 1971; Gourlay and Benowitz, 1997; Persson et al., 2002; Isohanni et al., 2005; 

Macleod et al., 2012; Ziesenitz et al., 2015).  
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Figure 3. Simulation of plasma drug concentration-versus time curves after iv 

administration sampled from different sites in PBPK model for hypothetical drugs with 

different clearance and distribution characteristics.  In panels a-c Kp =1, panels d-f Kp =3, and 

panels g-i Kp =10. Panels a, d and g show drugs with ER=0.1, panels b, e and h show drugs with 

ER=0.53, and panels c, f and i show drugs with ER=0.92. All other drug parameters are as 

described in methods. In all panels blue lines represent drug concentrations in the peripheral arm 

vein, red lines represent drug concentrations in the central venous compartment (right atrium) and 

green dashed lines represent drug concentrations in the artery. ER indicates the extraction ratio of 

the model drug and Kp indicates the tissue-to-plasma partition coefficient value of all tissues. All 

simulations were conducted as described in Materials and Methods section. 
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Figure 4. Development and verification of fentanyl buccal model using arterial and arm 

vein fentanyl concentration data. Panel a shows the development of the fentanyl buccal 

administration model by comparing the simulated drug concentration time profiles from central 

venous compartment (red curves) and peripheral arm vein (blue curves) to the observed arterial 

data (red circles) and observed venous data (blue circles) respectively after 400μg buccal tablet 

administration. Panels b, c, and d show the verification of the developed fentanyl buccal model 

by comparing the simulated arm vein fentanyl concentration time profiles (blue curves) to the 

observed arm vein fentanyl data (blue circles) after 600μg (Darwish et al., 2010), 1200μg 

(Darwish, Tempero, et al., 2006), and 1300μg (Darwish et al., 2010) buccal tablet administration 

respectively. AAFEperipheral represents the calculated AAFE comparing simulated arm vein drug 

concentration profile with observed arm vein concentration data. Cmax, peripheral ratio represents the 

ratio between simulated maximum arm vein drug concentration and the observed maximum arm 

vein concentration. AAFEcentral represents the calculated AAFE comparing simulated central 

venous compartment (right atrium) drug concentration profile with observed arterial 

concentration data. Cmax, central ratio represents the ratio between simulated maximum central 

venous compartment drug concentration and the observed maximum arterial concentration.  

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 11, 2019 as DOI: 10.1124/jpet.119.262154

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #262154 
 

56 
 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 11, 2019 as DOI: 10.1124/jpet.119.262154

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #262154 
 

57 
 

Figure 5. Simulation of plasma drug concentration-versus time curves after oral 

administration sampled from different sites in PBPK model for hypothetical drugs with 

different clearance and distribution characteristics. In panels a-c Kp =1, panels d-f Kp =3, 

panels g-i Kp =10, panels j-l Kp value of adipose, skin, and muscle (Kp1) = 1 and Kp value of other 

organs (Kp2) = 10 and panels m-o Kp value of adipose, skin, and muscle (Kp1) = 10 and Kp value 

of other organs (Kp2) = 1. Panels a, d, g, j and m show drugs with ER=0.1, panels b, e, h, k and n 

show drugs with ER=0.53, and panels c, f, i, l and o show drugs with ER=0.92. All other drug 

parameters are as described in methods. In all panels blue lines represent drug concentrations in 

the peripheral arm vein, red lines represent drug concentrations in the central venous compartment 

(right atrium) and green dashed lines represent drug concentrations in the artery. ER indicates the 

extraction ratio of the model drug. The Cmax ratio in the insets is calculated as the ratio of the Cmax 

of simulated central venous compartment (right atrium) concentrations and Cmax of simulated 

peripheral arm vein concentrations. The tmax ratio is calculated from the tmax of simulated central 

venous compartment concentrations and tmax of simulated arm vein concentrations. 
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Figure 6. Impact of choice of the sampling site on PBPK model evaluation. Panels a, b, and c 

show the impact of discrepant sampling site between observed and simulated data on model 

performance evaluation. The simulated drug concentration time profiles (red curves) are 

conventional PBPK simulation outputs sampled from central venous compartment (right atrium) 

and the observed data are from commonly used arm vein sampling (blue circles) after (a) 600 μg 

(Darwish et al., 2010), (b) 1200 μg (Darwish, Tempero, et al., 2006), and (c) 1300 μg (Darwish et 

al., 2010) buccal tablet administration of fentanyl, respectively. The observed data shown and the 

model used here are the same as the ones shown and used in Figure 4. The AAFEcentral represents 

the calculated AAFE comparing simulated central venous compartment (right atrium) drug 

concentration profile with observed arm vein concentration data. The Cmax, central ratio represents 

the ratio between simulated maximum central venous compartment (right atrium) drug 

concentration and the observed maximum arm vein concentration.  
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Figure 7. Impact of choice of the sampling site on PBPK model parameter optimization and 

extrapolation to unstudied clinical scenarios. Panel a shows a scenario where the modeler uses 

the PBPK model-simulated central venous compartment (right atrium) concentrations (red curve) 

to compare to the observed data from peripheral arm vein (blue circles), rather than using the 

simulated peripheral sampling site concentrations (gray curve shown for comparison). In this case 

both AAFE and Cmax ratio suggest model rejection although true parameters were used (ka,buccal = 

1 hr-1 and ka,gut = 3 hr-1). Panel b shows the fentanyl simulation with ka,buccal = 0.35 hr-1 and ka,gut = 

0.7 hr-1 based on erroneous parameter optimization to adapt simulated central venous 

concentrations to conform to observed data collected from arm vein. The gray line shows the 

simulated arm vein concentrations using the same “false” parameters. Panel c shows the simulation 

of the impact of a new formulation with 400% increase in ka,buccal (dashed blue curve) on the 

plasma-concentration curve sampled from the arm vein in comparison to baseline ka,buccal (solid 

blue curve) using verified peripheral sampling site model with true parameters, predicting a 40% 

increase in arm vein Cmax. Panel d shows the simulation of the same new formulation as in panel 

c with 400% increase in ka,buccal (dashed red curve) in comparison to baseline ka,buccal (solid red 

curve) using central venous compartment sampling with the erroneously optimized parameters 

from panel b. The central venous compartment sampling predicts a 119% increase in Cmax. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 11, 2019 as DOI: 10.1124/jpet.119.262154

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #262154 
 

62 
 

 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 11, 2019 as DOI: 10.1124/jpet.119.262154

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #262154 
 

63 
 

Figure 8. Simulated plasma metabolite concentration-versus time curves after iv 

administration of parent drug sampled from different sites in PBPK model for metabolites 

with different clearance and distribution characteristics. In panels a-c metabolite Kp (Kp,m) =1, 

panels d-f Kp,m =3, and panels g-i Kp,m =10. Panels a, d and g show metabolite concentration curves 

when drug has an intrinsic clearance (CLint) of 10 L/hr and the metabolite intrinsic clearance 

(CLint,m) is 20 L/hr, panels b, e and h show metabolite concentration curves when drug CLint=1000 

L/hr and the CLint,m is 20 L/hr, and panels c, f and i show metabolite concentration curves when 

drug CLint=10 L/hr and the CLint,m is 2000 L/hr. The drug Kp value of all organs =3 in all panels. 

In all panels blue lines represent metabolite concentrations in the peripheral arm vein, and red lines 

represent metabolite concentrations in the central venous compartment (right atrium). The Cmax 

ratio in each panel is calculated using the Cmax of simulated central venous compartment (right 

atrium) metabolite concentration divided by Cmax of simulated arm vein metabolite concentration. 
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Figure 9. Simulated plasma metabolite concentration-versus time curves after oral 

administration of drug with PBPK models for metabolites with different clearance and 

distribution characteristics. In panels a-c metabolite Kp (Kp,m ) =1, panels d-f Kp,m =3, and panels 

g-i Kp,m =10. Panels a, d and g show metabolite concentration curves when drug has an intrinsic 

clearance (CLint) of 10 L/hr and the metabolite intrinsic clearance (CLint,m) is 20 L/hr, panels b, e 

and h show metabolite concentration curves when drug CLint=1000 L/hr and the CLint,m is 20 L/hr, 

and panels c, f and i show metabolite concentration curves when drug CLint=10 L/hr and the CLint,m 

is 2000 L/hr. The drug Kp value of all organs =3 in all panels. In all panels blue lines represent 

metabolite concentrations in the arm vein, and red lines represent metabolite concentrations in the 

central venous compartment (right atrium). The Cmax ratio in each panel is calculated using the 

Cmax of simulated central venous compartment (right atrium) metabolite concentration divided by 

Cmax of simulated arm vein metabolite concentration. 
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