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Abstract   

Predicting the pharmacokinetics of compounds in humans is an important part of the drug development 

process. In this study, the plasma concentration profiles of 10 marketed compounds exhibiting two-

phase elimination after intravenous administration in humans were evaluated in terms of distribution 

volumes just after intravenous administration (V1), at steady state (Vss), and in the elimination phase 

(Vβ) using physiologically based pharmacokinetic (PBPK) modeling implemented in a commercially 

available simulator (Simcyp). When developing human PBPK models, the insight gained from prior 

animal PBPK models based on nonclinical data informed the optimization of compounds’ lipophilicity 

input and the selection of the appropriate mechanistic tissue partition methods. The accuracy of V1, Vss, 

and Vβ values predicted using human PBPK models developed in accordance with prior animal PBPK 

models was superior to those predicted using conventional approaches, such as allometric scaling, 

especially for V1 and Vβ. By conventional approaches, V1 and Vβ values of 4–5 out of 10 compounds 

were predicted within 3-fold error of observed values whereas Vss values for their majority were 

predicted as such. PBPK models predicted V1, Vss, and Vβ values for almost all compounds within 3-

fold errors, resulting in better predictions of plasma concentration profiles than allometric scaling. The 

distribution volumes predicted using human PBPK models based on prior animal PBPK modeling were 

more accurate than those predicted without reference to animal models. This study demonstrated that 

human PBPK models developed with consideration of animal PBPK models could accurately predict 

distribution volumes in various elimination phases.  
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Introduction  

Predicting human pharmacokinetics is an important part of the drug development process. 

Pharmacokinetics inform the estimation of potential therapeutic doses and safety margins before first-

in-human studies. Among the pharmacokinetic parameters, the volume of distribution is a key 

determinant of the effective half-life and dosing interval of a prospective drug. Many approaches for 

predicting volumes of distribution have been proposed and are used (Sui et al., 2008). The most 

commonly used approaches predict human distribution volumes of drugs from animal data via 

interspecies scaling techniques, such as allometric scaling. The main assumption of allometric scaling 

is that the factors governing the pharmacokinetics of a drug should scale in relation to body size 

(Boxenbaum, 1982). Allometric scaling of the unbound volume of distribution has been also reported, 

because one of the main factors governing drug distribution is protein binding (Obach et al., 1997). 

Other approaches assume species similarity in unbound volumes of distribution or binding to tissue 

components (Oie and Tozer, 1979; Obach et al., 1997; McGinnity et al., 2007; Hosea et al., 2009; Berry 

et al., 2011). Volumes of distribution have been predicted according to the tissue composition equations 

proposed by Poulin and Theil (Poulin et al., 2000; 2001; 2002) as corrected by Berezhkovskiy (2004) 

and equations proposed by Rodgers and Rowland (Rodgers et al., 2005; 2006; 2007). Both methods 

calculate tissue-to-plasma concentration ratios (Pt:p) as a function of tissue versus plasma values based 

on the sum of partitioning and binding into individual tissue components, e.g., neutral lipids, 

phospholipids, macromolecular proteins, and water. Partitioning of a drug into these tissue components 

is assumed to be driven by the lipophilicity of the drug. Both methods use the octanol/water partition 
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coefficients or the vegetable oil/water partition coefficients as surrogates for partitioning into neutral 

lipids. The binding of drugs to specific macromolecular proteins is reportedly common in plasma and 

interstitial tissue spaces and was considered. The method proposed by Rodgers and Rowland (Rodgers 

et al., 2005; 2006; 2007) also consider the ionization states of drugs. 

The effectiveness of these approaches for predicting distribution volumes have been assessed only on 

the distribution volume at steady state (Vss). Predictions of Vss alone are not sufficient to predict plasma 

concentration profiles because many drugs exhibit multiphasic eliminations, e.g., two-phase 

elimination. Accurate predictions of distribution volumes in the terminal elimination phase are 

essential for the accurate prediction of elimination half-lives and therefore provide beneficial 

information for planning first-in-human clinical studies.  

Physiologically based pharmacokinetic (PBPK) models have been developed to assemble individual 

processes in complex biological systems into one global model (Bischoff, 1986) and map drug 

transport schemes onto a physiologically realistic compartmental structure including physiological 

information and processes such as tissue composition and blood flow along with drug-specific 

biochemical parameters, intrinsic clearance, and Pt:p for each model compartment. Mechanistic tissue 

partition equations are built in to PBPK models that incorporate Vss. In the process of simulating plasma 

concentration profiles, PBPK models evaluate Vss and indirectly consider other distribution volumes 

in various elimination phases. In the current study, the accuracy of these distribution volumes predicted 

using PBPK models was assessed and compared with the values calculated from other proposed 

methods, which have been assessed on Vss only.  
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It is difficult to establish the relative utility of these mechanistic tissue partition equations for 

predicting distribution volumes because one method cannot predict the distribution volumes of all 

compounds accurately (De Buck et al., 2007; Allan et al., 2008; Poulin and Theil, 2009; Rowland et 

al., 2011). Berry et al. (2011) and Jones et al. (2011b) reported that Vss values predicted by one 

mechanistic equation were less accurate than those predicted using the unbound Vss or fu,t equivalency 

approaches. However, the effectiveness of selecting an appropriate mechanistic method for predicting 

distribution volumes for each compound in PBPK models has not been evaluated.  

PBPK models are applied extensively in the pharmaceutical industry. In addition to the simulation of 

drug–drug interactions, one of the common purposes of PBPK modeling, the guidelines for first-in-

human studies published by the European Medicines Agency (EMA, 2017) mention PBPK modeling 

as a method for calculating the estimated exposure levels and doses in humans. Simcyp is one of the 

most commonly used commercial PBPK modeling packages (Jamei et al., 2009). However, there are 

no reports of its use, in association with the development of animal PBPK models, to predict human 

distribution volumes prior to clinical studies. We report herein that human PBPK models based on 

animal PBPK modeling can effectively predict distribution volumes for various elimination phases in 

humans.  
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Materials and Methods 

Compound Selection and Pharmacokinetic Properties. 

Tamsulosin, doxazosin, and diltiazem were purchased from Sigma-Aldrich (St. Louis, MO) and 

diazepam and midazolam were purchased from Fujifilm Wako Pure Chemical (Osaka, Japan). 

Reboxetine, oxprenolol, and raloxifene were obtained from Tocris Bioscience (Ellisville, MI) and 

bosentan and telmisartan were obtained from Mitsubishi Tanabe Pharma (Saitama, Japan). These 10 

test compounds were selected largely on the basis of the availability of clinical intravenous data and 

the fact that their plasma concentration profiles exhibit two-phase elimination. An additional factor 

was good membrane permeability to ensure that tissue distribution was dominated by passive diffusion. 

The physicochemical properties logP and pKa were determined in silico by using ACD/Percepta 

(version 14, Advanced Chemistry Development, Toronto, Canada). In vitro plasma protein binding 

ratios (in rats, monkeys, dogs, and humans) and membrane permeability were determined using 

triplicate equilibrium dialysis and a cultured Caco-2 cell monolayer system. BCS class was referred 

from literatures (Wu and Benet, 2005; Gu et al., 2007; Bandela and Anupama, 2009; Tannergren et al., 

2009; Benet et al., 2011; Erceg et al., 2012; Rao et al., 2012) as compounds’ properties. 

In vivo plasma concentration–time profiles of the 10 test compounds were measured in rats, monkeys, 

and dogs. The following animals received a bolus intravenous administration of each compound: five 

male Sprague–Dawley rats (200–279 g, Charles River Japan, Kanagawa, Japan), four male 

cynomolgus monkeys (2.24–3.95 kg, Eve Bio-Science, Wakayama, Japan), and four male beagle dogs 

(8.88–12.2 kg, Oriental Yeast, Tokyo, Japan). All animal experiments were approved by the 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 12, 2018 as DOI: 10.1124/dmd.118.083642

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #83642 

8 

Experimental Animal Care and Use Committee of the Mitsubishi Tanabe Pharma Corporation (Saitama, 

Japan) and conducted in accordance with the Declaration of Helsinki and the guidelines of the ethics 

committee. Each compound was detected using a liquid chromatography–tandem mass spectrometry 

system in either positive or negative ion mode after tuning the mass spectrometer to obtain the highest-

intensity mass transition. Reported plasma concentration–time profiles after intravenous 

administrations in humans were taken from the literatures (Klotz et al., 1976; Mason and Winer, 1976; 

Kolle et al., 1983; Vincent et al., 1983; Weber et al., 1996; NDA, 1997; NDA, 1998; van Hoogdalem 

et al., 1997; Fleishaker et al., 1999; Palkama et al., 1999). The plasma clearance (CLiv) and the volumes 

of distribution just after intravenous administration (V1), at steady state (Vss), and in the elimination 

phase (Vβ) were calculated by two-compartment model analyses using WinNonlin (version 6.3, 

Pharsight, St Louis, MO) based on plasma concentration–time profiles experimentally obtained in 

animals in this study or digitally extracted from the literature for humans. For consistency with PBPK 

modeling analyses, if no body weight was reported for humans in literature sources, the body weight 

was assumed to be 80.706 kg, a representative value for a healthy subject population implemented in 

the PBPK modeling package, the Simcyp simulator. The pharmacokinetic parameters obtained in silico, 

in vitro, or in vivo for each compound are summarized in Table 1. Plasma clearance after intravenous 

administration of the 10 test compounds in this study was considered to be dependent on hepatic 

clearance: the levels of urinary excretion of these compounds were confirmed to be low (<10%) 

according to a report (Benet et al., 2011) and a textbook (Goodman and Gilman, 2005). 
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Prediction of Distribution Volumes Using Conventional Approaches. 

To facilitate comparisons with the distribution volumes predicted by PBPK modeling, several 

conventional approaches were used to predict human distribution volumes based on those in rats, 

monkeys, and dogs. Each approach was applied to the prediction of three volumes of distribution: that 

just after intravenous administration (V1), at steady state (Vss), and in the elimination phase assuming 

a two-compartment model (Vβ). 

Approach 1 – Allometric scaling: The volumes of distribution of drugs obtained in preclinical animal 

species were plotted versus body weights using a log–log scale. The following allometric power 

function (eq. 1) was then fitted to the data: 

     𝑉 𝑎𝑊     (1) 

where V is the volume of distribution in liters, W is the body weight in kilograms, and a and b are the 

allometric coefficient and exponent, respectively. The volume of distribution in humans was 

extrapolated using the fitted function for each drug. The body weights for rats, monkeys, and dogs 

were the actual body weights in in vivo pharmacokinetic analyses; that for humans was set at 70 kg. 

Approach 2 – Allometric scaling based on the unbound distribution volume: Allometric scaling 

based on the unbound distribution volume (Vunbound) uses the same principle as allometric scaling, only 

substituting Vunbound, which is V divided by the plasma unbound fraction. 

Approach 3 – The Vunbound equivalency approach: The Vunbound values of drugs in humans was 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 12, 2018 as DOI: 10.1124/dmd.118.083642

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #83642 

10 

assumed the same as the Vunbound values in animals. The Vunbound equivalency approach was conducted 

using the mean Vunbound values in liters per kilogram body weight across all three animal species. 

Approach 4 – The fu,t equivalency approach: The fraction unbound ratios of drugs in human tissue 

(fu,t) were assumed the same as those in animals. The following equation (eq. 2), employing observed 

V and fu,p values, was used for calculating fu,t: 

    𝑓u,t 𝑉t 𝑓u,p 𝑉 𝑉p⁄      (2) 

where Vp is the total volume of plasma in the animal and Vt is animal volume excluding plasma (which 

is essentially 1– Vp (L/kg), assuming that 1 kg of body weight equals 1 liter of volume. The VP values 

in rats, monkeys, dogs, and humans used in the calculations were 0.0313, 0.0515, 0.0448, and 

0.0436 L/kg, respectively. 

Predicted distribution volumes, V1, Vss, and Vβ from each approach, were used to calculate plasma 

concentration (Cp)–time (t) profiles after intravenous administrations of the 10 test compounds using 

two-compartment models with observed/reported in vivo clearance (CLiv) in humans as described in 

the following equation (eq. 3).  

 𝐶
∙

𝑉 ∙ 𝛼𝛽 𝛼 ∙ 𝐶𝐿 ∙ 𝑒 𝛽 ∙ 𝐶𝐿 𝑉 ∙ 𝛼𝛽 ∙ 𝑒   (3) 

  where 𝛼  , 𝛽  , and D is the dose 

Half-lives (t1/2) at terminal phase were calculated with predicted Vβ and observed/reported in vivo CLiv 

as follows (eq.4). 
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     𝑡 / ⁄
      (4) 

PBPK Modeling for Predicting Distribution Volumes. 

The Simcyp simulator (version 16, Simcyp, Sheffield, UK) was used to perform PBPK modeling. The 

volumes of distribution predicted by Simcyp were derived from tissue composition-based equations 

that calculated the tissue-to-plasma partition coefficients (Pt:p) in different organs. Two published 

mechanistic methods are available in Simcyp for predicting Pt:p values based on physicochemical 

(logP) and in vitro (fu,p) parameters. Method 1 is based on the approach of Poulin and Theil (Poulin 

and Theil, 2000; Poulin et al., 2001) with the correction by Berezhkovskiy (2004), and method 2 is 

based on the approach of Rodgers and Rowland (Rodgers et al., 2005; Rodgers and Rowland, 2006). 

Vss was then calculated by incorporating the Pt:p values determined for each tissue. The distribution 

volumes of the central compartment and that for the elimination phase (V1 and Vβ in two-compartment 

models) were calculated indirectly in the process of simulating plasma concentration–time profiles in 

Simcyp with various factors, such as Pt:p values, the cellular membrane permeabilities of drugs, blood 

flow rates, and the surface areas of tissues. The distribution volumes (V1, Vss, and Vβ) in humans were 

extracted from the plasma concentration–time profiles in humans simulated in Simcyp using two-

compartmental model analyses with WinNonlin. 

Human volumes of distribution were predicted by taking into account the results of animal PBPK 

models. The partitioning of drugs into individual tissue components, such as neutral lipids, 

phospholipids, and tissue water, was assumed to be driven by the drugs' lipophilicity, i.e., it could be 

expressed as logP value. LogP values were optimized as the estimation of lipophilicity in the model 
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for describing the distribution volumes, and the same optimized values were used for all three 

preclinical animals. Briefly, PBPK models of the 10 test compounds in rats, monkeys, and dogs were 

developed by the optimization of logP and selection of the method for Pt:p prediction based on the 

accuracy of the fit to the plasma concentration–time profiles for intravenous administration. Other 

parameters were not changed from the original values adopted in the Simcyp model and the measured 

pharmacokinetic parameters. The observed plasma clearance values after intravenous administration 

were used as the in vivo clearance in the PBPK models. To predict human volumes of distribution, 

human PBPK models were developed using the same optimized logP value and the same method for 

Pt:p prediction. These logP values and Pt:p prediction methods were found to provide a good fit between 

the simulated plasma concentration–time profiles in animal PBPK models and the observed ones for 

all three preclinical animals. The human pharmacokinetic parameters, such as fu,p and in vivo clearance, 

used in the human PBPK models were those obtained from in vitro experiments and published reports, 

respectively. The fixed blood/plasma ratio of 1 was used for PBPK modeling because estimated 

blood/plasma ratios in humans were calculated to be almost 1 in all compounds from the 

experimentally obtained values in rats. A representative for a healthy subject population (described as 

a Sim-Healthy Volunteer population) was in used Simcyp simulations with the dose regimen matched 

to those of the corresponding clinical pharmacokinetic studies.  

In addition, the predicted distribution volumes derived from the human PBPK models with the logP 

value and subsequent tissue-to-plasma partition coefficients optimized in accordance with the 

development of animal PBPK models (method A) were compared to the distribution volumes predicted 
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by using physicochemical properties without any adjustment from preclinical animal pharmacokinetics 

or without any change in parameters (method B and C). Method B was that developed by Poulin and 

Theil (Poulin et al., 2000; 2001) with the correction by Berezhkovskiy (2004) and did not use any 

optimization. Method C was that developed by Rodgers and Rowland (Rodgers et al., 2005; 2006) and 

also did not use any optimization. For basic compounds, the distribution volumes predicted using the 

method based on Rodgers and Rowland (method 2 in Simcyp) are recommended because this approach 

generally provides better prediction accuracy for Vss. However, consensus has not been achieved 

because conflicting arguments exist (De Buck et al., 2007; Allan et al., 2008; Poulin and Theil, 2009; 

Rowland et al., 2011). Since these studies assessed only Vss or Pt:p and did not provide the consent 

preferred method, the accuracy of predictions of V1, Vss, and Vβ using both two methods without 

optimization was also assessed. In this comparison, the prediction accuracy of distribution volumes 

was assessed using the prediction accuracy of the resulting plasma concentration–time profiles. This 

was done because distribution volumes (along with measured clearance values as the input parameters 

for in vivo drug clearance in PBPK models) are reflected on the plasma concentration–time profiles. 

Prediction Accuracy. 

For each approach and method, the predicted parameters and profiles were compared to the observed 

data. The percentages of compounds with a predicted V1, Vss, Vβ, and terminal t1/2 within 2-fold and 3-

fold of the observed values were calculated. In addition, the absolute average fold error (AAFE) was 

calculated as shown in eq. 5: 
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    AAFE 10 ∑ predicted
observed       (5) 

The goodness of fit of the predicted plasma concentration–time profiles to the observed plasma 

concentration–time profiles was assessed using the residual sum of squares corrected with the number 

of observed time points (ResSS). ResSS was calculated using eq. 6, where Obsi and Predi represent the 

observed and predicted concentrations at the ith time point, respectively: 

   ResSS ∑ log Obs log Pred      (6) 
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Results 

Distribution Volumes of Drugs Estimated Using Conventional Approaches and PBPK Modeling. 

The 10 test compounds selected in this study have a wide range of physicochemical and 

pharmacokinetic properties, except that they are hydrophobic (calculated in silico logP > 2) and 

minimally excreted unchanged in the kidneys (urinary excretion < 10%). The prediction accuracy of 

V1, Vss, and Vβ was assessed for the 10 compounds. The observed and predicted values for V1, Vss, and 

Vβ using conventional approaches 1–4 (allometric scaling, allometric scaling based on the unbound 

distribution volume, the Vunbound equivalency approach, and the fu,t equivalency approach, respectively) 

and PBPK modeling are shown in Fig. 1. The distribution volumes predicted using each of the four 

conventional approaches and PBPK modeling are summarized in Table 2. The human V1, Vss, and Vβ 

values predicted using all four conventional approaches resulted in higher absolute average fold errors 

(3.25–3.52, 1.78–2.53, and 3.12–4.46 for V1, Vss, and Vβ, respectively) and lower percentages of the 

predicted values falling within 2-fold errors of the observed values (30–50%, 40–70%, and 30–40% 

for V1, Vss, and Vβ, respectively) (Fig. 1A–D and Table 2). In terms of Vss prediction, conventional 

approaches 3 and 4 (the Vunbound equivalency and fu,t equivalency approaches) resulted in good 

predictions, with average fold errors of 1.78 and 1.79, respectively. However, in terms of V1 and Vβ 

prediction, large discrepancies (e.g., 10-fold discrepancies) between predicted and observed values 

were evident using conventional approaches on some compounds, leading to greater than 3-fold 

average errors for each conventional approach.  

In contrast, the prediction of human V1, Vss, and Vβ using PBPK modeling (Fig. 1E) resulted in 50%, 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 12, 2018 as DOI: 10.1124/dmd.118.083642

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #83642 

16 

80%, and 60% of predictions within 2-fold of the observed values with average fold errors of 2.14, 

1.72, and 1.67, respectively, suggesting that PBPK modeling produced the most accurate predictions. 

The distribution volumes predicted by PBPK modeling avoided the extremely inaccurate predictions 

of the conventional methods, with almost all compounds within 3-fold of the observed values; the 

exceptions were V1 for raloxifene and diltiazem and Vss for tamsulosin. 

Predicted Half-lives and Plasma Concentration–Time Profiles after Virtual Intravenous 

Administration Using Distribution Volumes Predicted by Conventional Approaches and PBPK 

Modeling. 

Predicted t1/2 at the terminal phase are summarized in Table 3. Predictions of t1/2 at the terminal phase 

using conventional approach 1–4 showed 40–50% of predictions within 3-fold of the observed values 

with average fold errors of 4.46, 3.73, 3.12, and 3.11, respectively. Large discrepancies (e.g., 10-fold 

discrepancies) between predicted and observed values of terminal t1/2 existed using conventional 

approaches on some compounds as observed in Vβ predictions. Values of terminal t1/2 for all compounds 

tested were within 3-fold errors with absolute average fold errors of 1.67 using PBPK modeling 

methods. 

The simulated human plasma concentration–time profiles after intravenous administrations were 

compared using the distribution volumes obtained using conventional approach 1, being thought to be 

the most commonly used approach, and PBPK models for the 10 test compounds (Fig. 2). Also shown 

in Fig. 2 are the reported plasma concentrations and the curves fitted using two-compartment models. 

The residual sums of squares of plasma concentration–time profiles simulated based on distribution 
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volumes obtained by PBPK modeling were smaller than those based on conventional approach 1 for 7 

of 10 compounds (Supplemental Table 1). Moreover, the residual sums of squares of the plasma 

concentration–time profiles obtained using distribution volumes from PBPK modeling were smaller 

on average, indicating that the PBPK modeling methodology provided better predictions matched to 

the observed data (Supplemental Table 1).  

Human PBPK Modeling Using Tissue-to-plasma Partition Coefficients and Optimized Parameter 

Based on Insights Gained from Animal PBPK Modeling. 

For the 10 test compounds, the simulated human plasma concentration–time profiles after virtual 

intravenous administrations calculated using PBPK models were compared for distribution volumes 

obtained using three different prediction methods for tissue-to-plasma partition coefficients (method 

A, B and C) (Fig. 3). The residual sums of squares for the plasma concentration–time profiles of the 

10 compounds obtained using three methods are summarized in Table 4. Based on the average residual 

sum of squares, method A achieved the most accurate predictions for 10 compounds tested in this study, 

closely followed by method B. The best prediction method as assessed using the residual sum of 

squares differed among the compounds tested. Method A provided the most accurate prediction for 

reboxetine, doxazosin, bosentan, and diltiazem, whereas method B was best for tamsulosin, oxprenolol, 

midazolam, and raloxifene, and method C was best for diazepam and telmisartan. 

In method A, the optimal mechanistic method to predict Pt:p was selected from the 2 mechanistic 

methods, based on the results of animal PBPK models. As a result, the method developed by Rodgers 

and Rowland (Rodgers et al, 2005; 2006) was selected for diazepam and telmisartan, and the method 
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developed by Poulin and Theil (Poulin et al., 2000; 2001) with the correction by Berezhkovskiy (2004) 

was selected for the remaining 8 compounds (Table 5).   
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Discussion 

One aim of the present study was to evaluate the prediction accuracy of distribution volumes for 

various phases estimated using PBPK modeling in humans developed in accordance with animal PBPK 

models by comparing with those obtained using conventional approaches. Another was to evaluate the 

effectiveness of selecting an appropriate mechanistic method to determine the Pt:p values used for 

predicting distribution volumes during PBPK model development based on animal pharmacokinetic 

models.. 

The effectiveness of various approaches for predicting Vss have been assessed. Jones et al. (2011b) 

assessed prediction accuracy of 24 prediction methods for Vss, including each mechanistic equation for 

Pt:p. Berry et al. (2011) assessed additionally the Vunbound equivalency for Vss approach among allometric 

scaling, the fu,t equivalency approach, and two mechanistic equations. As for Vss prediction, the results 

in this study were consistent with those reports in respect of the fact that conventional approaches were 

well able to predict Vss, especially for approach 3 and 4 (Vunbound and fu,t equivalency approaches). We 

also evaluated the prediction accuracy of those approaches for V1 and Vβ because they are essential to 

predict plasma concentration profiles exhibiting two-phase elimination. In prediction of V1 and Vβ, 

some discrepancies between predicted and observed values were seen from conventional approaches 

on some compounds (Table 2, Fig. 1). Most of the V1 and Vβ values with more than 3-fold errors were 

overpredicted. The reason why V1 values were predicted with relatively large errors was not clear, but 

possible reasons might be allometric differences in plasma or tissue distribution. One of the reasons 

for the discrepancies in Vβ predicted using conventional approaches might be the species differences 
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in clearance values. This is because the distribution volume in the elimination phase is affected by the 

clearance of the compound because of the apparent steady state in distribution between peripheral 

tissues and blood/plasma. In conventional approaches, species differences in clearances are not 

considered when scaling Vβ from animals to humans. Overprediction of Vβ suggested relatively small 

clearance values in humans compared to those in animals or scaled from animals. Other contributing 

factors explaining the difficulties in predicting Vβ values may be inappropriate estimation of Vβ in 

animals based on compartment model analyses with drug concentrations below the lower limits of 

quantification and limited numbers of time points at the elimination phase. These discrepancies in 

predicting distribution volumes indicated insufficiencies in the conventional approaches for predicting 

multiphasic plasma concentration profiles. 

In other reports, Vss values predicted by one mechanistic equation were shown to be less accurate 

compared to the Vunbound or fu,t equivalency approaches (Berry et al., 2011; Jones et al., 2011b). We 

evaluated the effectiveness of modifying compounds’ lipophilicity input and selecting an appropriate 

mechanistic method for predicting distribution volumes in PBPK models in accordance with the 

insights gained from animal PBPK models. The prediction of distribution volumes using such PBPK 

modeling avoided the above-mentioned inaccurate predictions of conventional methods for V1 and Vβ 

and achieved just as accurate predictions as approach 3 and 4 (Vunbound and fu,t equivalency approaches) 

(Table 2, Fig.1). The predicted distribution volumes obtained using the mechanistic method developed 

by Rodgers and Rowland (Rodgers et al., 2005; 2006) are reportedly to be preferred for basic 

compounds. However, their method without any optimization, method C, did not provide the best 
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predictions for the basic compounds tested in this study. The methods used for predicting Pt:p values 

were chosen among two mechanistic methods based on the accuracy of PBPK models of the 10 test 

compounds in three animal species using the same mechanistic equations and adjusted logP values 

(method A) (Table 5). The selected mechanistic tissue partition equation in method A was matched to 

the better mechanistic equation among method B and C, model development without any adjustment 

of physicochemical properties. These results suggested that the choice of method for predicting Pt:p 

could be supported by the insights gained from animal PBPK models. It has been reported that 

confirming the mechanistic tissue partition equations in animal PBPK models could validate the use 

of mechanistic equations for Pt:p in human PBPK models (Jones et al., 2006; 2011a). However, it may 

be misleading to use animal pharmacokinetic data and PBPK model without optimization to validate 

mechanistic equations. This is because, for some combinations of animal species and compounds, 

animal PBPK models have shown discrepancies between simulated and observed concentration 

profiles. Those combinations with discrepancies may prevent from selecting optimal methods for Pt:p, 

although method B without any optimization showed good prediction accuracy next to method A 

among test compounds in this study. Instead, we suggest to introduce modification of logP values and 

selection of the mechanistic equation in accordance with insights gained from animal PBPK models 

for development human PBPK models. 

It might be considered controversial to introduce modifications of logP as an input value for 

lipophilicity in PBPK modeling. However, inaccuracies in the calculation, or possibly measurement, 

of physicochemical properties can result in inaccuracies in predicted Pt:p values, as discussed by 
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Rodgers and Rowland (2007). Partitioning into octanol or vegetable oil may not always adequately 

reflect the partitioning of a candidate drug into lipids in in vivo tissues. The vegetable oil/water partition 

coefficient is calculated from logP according to a reported regression equation (Leo et al., 1971). 

Therefore, it may be justified to modify logP values to obtain plasma concentration profiles matched 

to observed values because the physicochemical properties contain uncertainties. Modifications of 

logP can be verified if simulated values in animal PBPK models match the observed values in animals 

prior to development of the human PBPK model. In addition, modified logP could be supported unless 

the modified values would be unrealistic values of physicochemical considerations. Another approach 

to overcoming uncertainties originating from predictions based on physicochemical parameters is to 

introduce a scaling factor for Pt:p or adjustment on fu,p to make the simulated plasma concentrations or 

distribution volumes match the observed data. They could be helpful in the development of PBPK 

models to match the simulated and observed plasma concentration profiles. However, it is thought to 

be difficult to employ them for prediction purposes because different scaling factors or adjustments on 

fu,p would be adopted for the three animal species due to both overestimation and underestimation 

observed in animal PBPK models without any adjustment in lipophilicity, resulting difficulties to find 

an appropriate scaling factor or adjustment on fu,p in all three animals in common which can be 

extrapolated to humans. In addition, fu,p should be inherent in each animal species. Therefore, we 

suggest that modification of logP, as the estimation of lipophilicity in the model, be used to describe 

the distribution volumes in all three preclinical animals in common. No modification on pKa, another 

in silico parameter, because modification on logP and selection of an appropriate method for Pt:p with 

in silico pKa could sufficiently express simulated plasma concentration profiles matching with the 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 12, 2018 as DOI: 10.1124/dmd.118.083642

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #83642 

23 

observed ones in animal PBPK models of three animal species and accurately predict distribution 

volumes, resulting plasma concentration profiles in human PBPK models. 

The 10 test compounds used in the current study were selected because they possessed high 

membrane permeability, which justified the assumption that the tissue distribution was dominated by 

passive diffusion. All 10 compounds belong to Biopharmaceutics Classification System class I or II. 

The prediction accuracy of compounds that, because of low membrane permeability, are distributed to 

tissues mainly by active transport should be investigated further.  

PBPK modeling in humans developed in accordance with insights gained from animal PBPK models, 

including optimization of in silico physicochemical parameters and selection of the mechanistic 

equation for Pt:p prediction, was able to facilitate prediction of the plasma concentration–time profiles 

of drugs that exhibit multiphasic elimination. This approach was able to more accurately predict values 

of V1, Vss, and Vβ, and will therefore be useful for predicting terminal phase half-lives, compared to 

conventional approaches. This, in turn, should contribute to improved design of clinical studies by 

more accurately estimating the required sampling times, duration, and the number of doses until steady 

state prior to first-in-human studies. Regarding some additional benefits, one is to estimate the effects 

of drug–drug interactions and to investigate the pharmacokinetics in special populations, such as the 

elderly or patients with hepatic/renal impairment, at the preclinical stage or just after first-in-human 

studies. Other benefit is the possibility of resolving the issue that oral absorption and bioavailability 

may not be well described separately from volumes of distribution and clearance values in PBPK 

models developed based on pharmacokinetic data from oral administrations only. Moreover, this is the 
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first study to confirm the strategy of animal PBPK modeling prior to human PBPK modeling using 

Simcyp, which has recently improved its animal model lineup. The good predictions obtained from 

PBPK modeling were derived from the effective description of complicated drug movements, such as 

distribution schemes and rates of transport to tissues, estimated from the biochemical and 

physicochemical properties of drugs and the physiological parameters implemented in Simcyp.  
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Figure legends 

Fig. 1. Observed and predicted volumes of distribution (V1, Vss, and Vβ) of 10 compounds in 

humans. Observed and predicted volumes of distribution were calculated by two-compartment models 

using (A) approach 1 (allometric scaling), (B) approach 2 (allometric scaling based on the unbound 

distribution volume), (C) approach 3 (the Vunbound equivalency approach), (D) approach 4 (the fu,t 

equivalency approach), and (E) PBPK modeling. Solid and broken lines represent no error and 2-fold 

error, respectively.  

Fig. 2. Observed human plasma concentration–time profiles after intravenous administration of 

10 compounds and profiles predicted using distribution volumes obtained using two modeling 

approaches.  Profiles predicted using approach 1 (allometric scaling) and PBPK modeling are shown 

as broken and solid lines, respectively. Open circles and dotted curves represent the reported plasma 

concentrations in the literatures (Klotz et al., 1976; Mason and Winer, 1976; Kolle et al., 1983; Vincent 

et al., 1983; Weber et al., 1996; NDA, 1997; NDA, 1998; van Hoogdalem et al., 1997; Fleishaker et 

al., 1999; Palkama et al., 1999) and the concentrations calculated by two-compartment models, 

respectively.  

Fig. 3. Observed human plasma concentration–time profiles after intravenous administration 

and profiles predicted using three different prediction methods for tissue-to-plasma partition 

coefficients. Tissue-to-plasma partition coefficients were predicted (A) in accordance with animal 

PBPK models optimized with animal pharmacokinetic data, including the mechanistic method 

selection (method A), (B) using the mechanistic method based on the approach of Poulin and Theil 
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with the correction by Berezhkovskiy with in silico physicochemical parameters (method B), and (C) 

using the mechanistic method based on Rodgers and Rowland with in silico physicochemical 

parameters (method C). Open circles represent the reported plasma concentrations in the literatures 

(Klotz et al., 1976; Mason and Winer, 1976; Kolle et al., 1983; Vincent et al., 1983; Weber et al., 1996; 

NDA, 1997; NDA, 1998; van Hoogdalem et al., 1997; Fleishaker et al., 1999; Palkama et al., 1999). 
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Table 1. Physicochemical and in vitro and in vivo pharmacokinetic properties for the 10 compounds used in this study 

Compound MW LogP pKa Charge fu,p Caco-2 BCS  Urinary CLiv CLiv V1 Vss Vβ 

      Acid Base   in 
humans 

in rats, 
monkeys, 
and dogs 

permeability 
(10-7 cm/s) 

class excretion 
(%) 

in humans 
(L/h/kg) 

in rats, 
monkeys, 
and dogs 
(L/h/kg) 

in rats, 
monkeys, 
and dogs 

(L/kg) 

in rats, 
monkeys, 
and dogs 

(L/kg) 

in rats, 
monkeys, 
and dogs 

(L/kg) 

Diazepam 284.76 2.97  2.92 Weak 
base 0.026 

0.171, 
0.061, 
0.045 

599 I < 1 0.021 
3.69, 
1.07, 
2.80 

1.89, 
0.561, 
0.911 

3.41, 
1.25, 
2.64 

5.16, 
2.57, 
6.77 

Reboxetine 313.43 3.27  7.91 Base 0.078 
0.253, 
0.188, 
0.323 

189 I 9 0.036 
3.69, 
0.896, 
1.34 

3.31, 
1.81, 
3.50 

3.92, 
2.22, 
4.11 

7.56, 
10.6, 
18.0 

Tamsulosin 408.56 2.17 9.13 9.77 Zwitter 0.071 
0.263, 
0.138, 
0.335 

31 I 8.7 0.041 
3.39, 
1.00, 
1.21 

2.14, 
0.724, 
1.19 

2.58, 
0.870, 
1.74 

4.51, 
2.71, 
2.23 

Doxazosin 451.53 3.54  7.45, 
0.98 Base 0.024 

0.050, 
0.051, 
0.083 

183 II 5 0.075 
1.80, 
0.928, 
0.673 

2.29, 
1.52, 
2.37 

3.23, 
2.17, 
4.24 

6.49, 
4.60, 
4.67 

Bosentan 551.67 4.17 5.80  Acid 0.010 
0.012, 
0.031, 
0.017 

295 II < 3 0.154 
0.984, 
1.24, 
0.103 

1.22, 
0.418, 
0.224 

1.99, 
1.89, 
0.314 

4.23, 
4.20, 
0.618 

Oxprenolol 265.39 2.10  9.67 Base 0.363 
0.615, 
0.289, 
0.531 

163 I < 5 0.340 
5.09, 
0.759, 
1.56 

4.33, 
0.744, 
1.76 

4.91, 
1.40, 
2.51 

42.8, 
12.8, 
19.0 

Midazolam 325.79 3.43  8.44, 
3.48 Base 0.025 

0.033, 
0.033, 
0.012 

587 I < 1 0.468 
2.45, 
0.776, 
1.72 

0.977, 
0.727, 
0.623 

1.17, 
0.890, 
0.927 

3.84, 
1.47, 
2.34 

Telmisartan 514.67 7.30 3.65 6.13, 
4.78 Zwitter 0.005 

0.006, 
0.008, 
0.027 

498 II < 1 0.504 
0.479, 
0.198, 
0.657 

1.49, 
0.449, 
0.739 

4.65, 
4.23, 
2.25 

5.68, 
5.16, 
5.82 

Diltiazem 414.56 3.65  8.18 Base 0.200 
0.200, 
0.182, 
0.200 

195 I < 4 0.632 
4.00, 
2.52, 
2.26 

2.65, 
4.49, 
6.93 

2.91, 
5.61, 
7.55 

9.74, 
23.7, 
24.2 

Raloxifene 473.62 6.87 8.89, 
9.55 7.95 Zwitter 0.011 

0.006, 
0.007, 
0.007 

306 II < 10 0.647 
2.70, 
1.44, 
1.20 

3.23, 
2.68, 
2.67 

4.78, 
4.67, 
4.56 

11.4, 
6.29, 
6.78 

MW, molecular weight; fu,p, fraction unbound in plasma; BCS, the Biopharmaceutics Classification System; CLiv, plasma clearance after intravenous administration; V1, 
Vss, and Vβ, volumes of distribution just after intravenous administration, at steady state, and at the elimination phase assuming two-compartment models, respectively 
Sources are described in Materials and Methods. 
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Table 2. Prediction accuracy of volumes of distribution just after intravenous administration (V1), at steady state (Vss), and at the elimination phase assuming the two-

compartment model (Vβ) in humans using each of the four conventional approaches and PBPK modeling 

Compound V1 (L/kg)  Vss (L/kg)  Vβ (L/kg) 

 Observed Predicted  Observed Predicted  Observed Predicted 

   
Conventional approach PBPK 

modeling 
  

Conventional approach PBPK 

modeling 
  

Conventional approach PBPK 

modeling 1  2  3  4  1  2  3  4  1  2  3  4  

Diazepam 0.367 0.390 0.507 0.346 0.347 0.706  1.02 1.56 2.03 0.848 0.876 1.26  1.16 5.24 6.81 1.91 1.92 1.28 

Reboxetine 0.213 2.23 0.644 0.875 0.873 0.431  0.459 2.65 0.766 1.04 1.07 1.29  0.464 16.2 4.66 3.70 3.70 1.31 

Tamsulosin 0.138 0.593 0.178 0.399 0.398 0.176  0.214 0.871 0.261 0.570 0.598 0.746  0.291 1.44 0.430 1.03 1.02 0.761 

Doxazosin 0.137 1.98 0.525 0.860 0.858 0.0478  0.849 3.69 0.980 1.38 1.40 1.64  0.867 3.75 0.996 2.84 2.82 1.81 

Bosentan 0.113 0.105 0.0344 0.402 0.398 0.0476  0.811 0.211 0.0687 0.806 0.822 1.22  1.03 0.506 0.165 1.65 1.64 1.46 

Oxprenolol 0.443 0.599 0.631 1.57 1.56 0.560  0.698 1.13 1.19 2.38 2.38 1.34  0.895 9.16 9.65 18.1 18.1 1.46 

Midazolam 0.862 0.487 1.18 0.838 0.838 0.549  1.73 0.778 1.88 1.13 1.12 1.39  2.36 1.33 3.22 2.87 2.87 1.54 

Telmisartan 0.294 0.367 0.0589 0.576 0.571 0.240  2.02 1.93 0.311 2.44 2.45 1.49  3.77 5.31 0.853 3.19 3.17 1.86 

Diltiazem 1.40 9.69 10.2 4.84 4.85 0.359  2.69 11.4 12.0 5.54 5.55 3.52  3.34 40.8 43.0 20.0 20.0 4.57 

Raloxifene 0.121 2.30 3.31 4.78 4.77 0.763  3.91 4.38 6.30 8.11 8.07 6.04  6.71 4.59 6.61 13.8 13.7 6.99 

%<2-fold  50 40 30 30 50   40 70 50 50 80   30 40 40 40 60 

%<3-fold  50 40 40 40 80   50 70 90 90 90   40 40 50 50 100 

AAFE  3.52 3.25 3.50 3.48 2.14   2.53 2.33 1.78 1.79 1.72   4.46 3.73 3.12 3.11 1.67 

%<2-fold, percentage of data within 2-fold errorof observed value; %<3-fold, percentage of data within 3-fold error of observed value; AAFE, absolute average fold 
error. Details of conventional approaches 1–4 (allometric scaling, allometric scaling based on the unbound distribution volume, the Vunbound equivalency approach, 
and the fu,t equivalency approach, respectively) used in this study are described in Materials and Methods.
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Table 3. Prediction accuracy of terminal half-lives in humans after virtual intravenous administrations 

modeled based on distribution volumes obtained using approach 1–4 and PBPK modeling 

Compound 

t1/2 (h) 

Observed Predicted 

 
Conventional approach 

PBPK modeling 
1 2 3 4 

Diazepam 38.4 173.1 224.9 63.0 63.3 42.2 

Reboxetine 8.9 311.0 89.8 71.2 71.3 25.1 

Tamsulosin 4.9 24.3 7.3 17.3 17.3 12.9 

Doxazosin 8.0 34.6 9.2 26.2 26.1 16.8 

Bosentan 4.6 2.3 0.7 7.4 7.4 6.6 

Oxprenolol 1.8 18.7 19.7 37.0 36.9 3.0 

Midazolam 3.5 2.0 4.8 4.3 4.3 2.3 

Telmisartan 5.2 7.3 1.2 4.4 4.4 2.6 

Diltiazem 3.7 44.8 47.1 21.9 21.9 5.0 

Raloxifene 7.2 4.9 7.1 14.8 14.7 7.5 

%<2-fold  30 40 40 40 60 

%<3-fold  40 40 50 50 100 

AAFE  4.46 3.73 3.12 3.11 1.67 

%<2-fold, percentage of data within 2-fold error of observed value; %<3-fold, percentage of 

data within 3-fold error of observed value; AAFE, absolute average fold error. Conventional 

approaches 1–4 represent allometric scaling, allometric scaling based on the unbound 

distribution volume, the Vunbound equivalency approach, and the fu,t equivalency approach, 
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Table 4. Prediction accuracy of the modeled pharmacokinetic profiles in humans after virtual 

intravenous administrations using three different prediction methods for tissue-to-plasma partition 

coefficients  

 Prediction method for tissue-to-plasma partition coefficients 

 Method A Method B Method C 

Diazepam 0.039 0.041 0.036 

Reboxetine 0.091 0.190 0.452 

Tamsulosin 0.180 0.088 0.746 

Doxazosin 0.080 0.091 0.413 

Bosentan 0.082 0.108 0.908 

Oxprenolol 0.056 0.045 0.206 

Midazolam 0.030 0.019 0.082 

Telmisartan 0.047 0.093 0.014 

Diltiazem 0.127 0.133 0.148 

Raloxifene 0.132 0.083 0.867 

Average 0.086 0.089 0.387 

Method A produced values optimized with animal pharmacokinetic data and includes model 

selection [method developed by Poulin, Theil, and Berezhkovskiy or Rodgers and Rowland] for 

the prediction of tissue-to-plasma partition coefficients. Method B was that developed by 

Poulin, Theil, and Berezhkovskiy, and method C was that developed by Rodgers and Rowland 

with in silico physicochemical parameters. 

Prediction accuracy is shown as the residual sum of squares of observed and modeled plasma 
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concentrations corrected by the number of observed time points (ResSS). ResSS was calculated 

using the following equation. 

1
𝑛
log Obs log Pred  

Obsi and Predi represent observed and predicted concentrations at the ith time point, 

respectively. 
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Table 5. Selected mechanistic equation for tissue-to-plasma concentration ratio and optimized logP 

value in human PBPK model development in accordance with animal PBPK models (method A) 

Compund Mechanistic equation for Pt:p Optimized logP ΔlogP 

Diazepam Rodgers and Rowland 3.05 0.08 

Reboxetine Poulin, Theil, and Berezhkovskiy 2.84 -0.43 

Tamsulosin Poulin, Theil, and Berezhkovskiy 2.61 0.44 

Doxazosin Poulin, Theil, and Berezhkovskiy 3.50 -0.04 

Bosentan Poulin, Theil, and Berezhkovskiy 4.00 -0.17 

Oxprenolol Poulin, Theil, and Berezhkovskiy 2.20 0.10 

Midazolam Poulin, Theil, and Berezhkovskiy 3.35 -0.08 

Telmisartan Rodgers and Rowland 4.30 -3.00 

Diltiazem Poulin, Theil, and Berezhkovskiy 3.35 -0.30 

Raloxifene Poulin, Theil, and Berezhkovskiy 4.80 -2.07 

ΔlogP represents the magnitude of modification on logP from calculated in silico values gained 

from animal PBPK model development. 
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