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Article 
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Abstract: The aim of this study was to use the physiologically based biopharmaceutics modeling (PBBM) 
strategy to evaluate the biopredictive power of different dissolution test conditions for immediate release 
tablets containing 20 mg of rivaroxaban. The model was developed and validated with literature data and used 
to predict plasma concentration-time curves of reference drug product Xarelto® 20 mg based on the 
experimental dissolution profiles. Virtual bioequivalence studies were run considering each dissolution profile 
under fasted and fed conditions to evaluate the biopredictive power of each dissolution method. The 
dissolution profiles and the results of the virtual bioequivalence studies showed that it is necessary to have a 
minimal amount of surfactant (0.15%), rotation speed of at least 60 rpm and 900 mL of acetate buffer solution 
pH 4.5 to achieve biopredictive condition. Using the PBBM approach, it was possible to evaluate the differences 
of the dissolution test conditions, and its influence on drug bioavailability, setting up a dissolution specification 
for rivaroxaban immediate release tablets.   

Keywords: Biopredictive dissolution; GastroPlus; PBPK; PBBM; Rivaroxaban 
 

1. Introduction 

The use of physiologically-based modeling and simulation as a tool in pharmaceutical product 
development has been rising in recent years, especially after the publications of the following 
guidelines: Physiologically Based Pharmacokinetic Analyses - format and content [1], and The Use of 
Physiologically Based Pharmacokinetic Analyses - Biopharmaceutics Applications for Oral Drug Product 
Development, Manufacturing Changes, and Controls Guidance for Industry [2], both from the FDA, and 
European Medicines Agency Guideline on the Reporting of Physiologically Based Pharmacokinetic (PBPK) 
Modeling and Simulation [3] from EMA. These materials provide guidelines and recommendations for 
the processes of implementing the PBPK model and regulatory submission. As such, many 
companies have invested in this type of approach to rationalize the development process by reducing 
financial, human, and material resources. As an example of process optimization, the definition of 
“safe space” must be cited, as it allows a more accurate understanding of the link between critical 
quality attributes and clinical performance. 

To build a PBPK model, it is essential to have knowledge about all the factors involved in the 
drug’s absorption, distribution, metabolism and elimination processes. Also, information about the 
population sample submitted to the study, such as age, gender, body mass and food effect, is needed. 
In addition to the PBPK model, compound’s information, such as physicochemical properties, 
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particle size, formulation information and dissolution data, are linked to the model, becoming more 
detailed, to achieve mechanistic understanding as a Physiologically Based Biopharmaceutics Model 
(PBBM). The in vitro, in vivo and in silico information can be obtained experimentally or in literature, 
which contributes to the model’s complexity and predictivity [4-6]. 

All this data listed is necessary because PBPK models - mathematical models - comprise the 
anatomy and physiology of the human body; in particular, organ size and volume, blood flow, 
transporters, enzymes, drug’s behavior according to its physicochemical properties. Thus, with this 
highly integrated system, the effects that occur in each organ influence the others [7]. With this in 
view, the selection of information is essential, and the performance of the predictive model shall be 
verified by comparing simulated with observed data, adopting adequate statistical tools and 
previously established acceptance criteria [3]. 

The association between dissolution testing, virtual bioequivalence study (VBE) and PBPK 
modeling are parts that make up the physiologically based biopharmaceutics modeling (PBBM) [8]. 
PBBM integrates physiology characteristics of the subjects as a PBPK model, with drug and 
formulation performance data, to gain knowledge about biopredictive or clinically relevant 
dissolution methods and drug absorption [5,9]. 

Dissolution methods with clinically relevant specifications can be used to predict the influence 
of critical material attributes (CMA) and formulation variables as granule size distribution and tablet 
strength variation, for example, due to manufacturing process and post-approval changes, during 
the life cycle of the product, on its in vivo performance [10]. In the other hand, biopredictive 
dissolution methods are those that can be linked to the in vivo performance of the drug product, 
which can also be evaluated using the PBBM approach [11]. 

Rivaroxaban is a drug that intervenes in the process of clot formation in blood vessels, either 
preventing their formation in the veins after orthopedic surgery or treating deep vein thrombosis, 
pulmonary embolism, acute coronary syndrome, as well as prevention cerebrovascular accident 
(CVA), by inhibiting free Factor Xa in the blood, which would bound to the clot and in the 
prothrombinase complex [12,13]. 

Rivaroxaban presents linear pharmacokinetics in doses between 2.5 mg and 10 mg in fasted state, 
at doses of 15 and 20 mg there is a decrease in the bioavailability, but not proportional to dose (about 
66% of the dose is absorbed), demonstrating that drug’s absorption is dose dependent and 
incomplete. It can be explained by its low solubility, which becomes significantly committed to the 
dose increasing [14]. In the fed state, bioavailability is greater than 80% and presents linear 
pharmacokinetics for all dosages, in this sense, it’s recommended that the doses of 15 mg and 20 mg 
should be taken with food [13,15]. 

Rivaroxaban presents high permeability and is metabolized by the enzymes CYP3A4 and 
CYP2J2 by an oxidative process in the liver. Also, it undergoes uptake by the influx transporter, 
OAT3, in the kidneys, a process in which P-gp glycoprotein has a role too [16,17]. 

Being a low solubility and high permeability, class II of the Biopharmaceutics Classification 
System (BCS), the dissolution of this drug is its limiting step for absorption. Given that, the drug's 
bioavailability is ruled by its in vivo dissolution. It means that having robust in vitro method to 
predict in vivo dissolution will contribute to the research, development, and quality control of 
rivaroxaban tablets. Thus, obtaining biopredictive dissolution test specifications can help 
pharmaceutical companies to gain insights about the in vivo performance of the drug product. 

In this study, it was aimed to use a PBBM approach to set a biopredictive dissolution method 
for rivaroxaban tablets. For this purpose, a PBPK model was built and validated, and different 
dissolution test conditions were used as inputs in GastroPlus® software to assess their influence on 
the rivaroxaban absorption process. Virtual bioequivalence studies were run to evaluate the 
biopredictive power of the dissolution test conditions. 

2. Materials and Methods 

2.1. Materials 
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The drug used was rivaroxaban 99.7% of purity (Zhejiang Supor Pharmaceuticals Co., Ltd., 
China), kindly provided by a Brazilian pharmaceutical company. Samples of rivaroxaban 20 mg 
tablets, Xarelto®, (Bayer Schering Pharma AG, Leverkusen, Germany) were purchased in the local 
market. Buffer solutions used for dissolution testing were prepared according to the United States 
Pharmacopeia (USP). Analytical grade anhydrous monobasic sodium phosphate, glacial acetic acid, 
sodium acetate, hydrochloric acid (HCl) 37%, sodium hydroxide for analysis (JT Baker, Pennsylvania, 
USA), sodium dodecyl sulfate (Merck, Darmstadt, Germany), acetonitrile (JT Baker, Pennsylvania, 
USA) and purified water were also used.  

2.2. Solubility Determination 

Rivaroxaban’s solubility was experimentally determined using the shake-flask method, where 
excess amount of the drug was added in solutions within the physiological pH range (0.1 M HCl 
solution; 0.05 M acetate buffer solution pH 4.5 and 0.05 M phosphate buffer solution pH 6.8), and 
solutions containing 0.05 M acetate buffer pH 4.5 with 0.1%, 0.2% and 0.4% of sodium dodecyl sulfate 
(SDS). 

The solutions were kept under agitation of 150 rpm, at 37 ± 0.5 °C in an orbital shaking 
equipment Tecnal model T420 (São Paulo, Brazil) for 72 hours. After that, aliquots were collected, 
centrifuged, and 1 mL of the supernatant was diluted into a 10 mL volumetric flask containing 
purified water and acetonitrile (1:1). The absorbance of each solution was evaluated using an 
analytical curve in each pH, at a wavelength of 248 nm [18]. 

Dose/solubility ratio was calculated by dividing the highest dose (20 mg) by its experimental 
solubility in all tested solutions.  

2.3. FDA Dissolution Method 

 The reference drug product Xarelto® 20 mg (tablet) was submitted to the dissolution test under 
the conditions recommended by the FDA [19]: apparatus 2 (paddle) at 75 rpm, 900 mL of acetate 
buffer solution pH 4.5 containing 0.4% of sodium dodecyl sulfate at 37 ± 0.5°C. The test was 
conducted in triplicate, using the Hanson Vision Elite 8 Dissolution Equipment (Teledyne Hanson, 
FL, USA). For this purpose, aliquots containing 5 mL were manually withdrawn from each 
dissolution vessel at time intervals of 5, 10, 15, 20, 30, 45, and 60 minutes, and filtered using 
polyethylene 45 µm pore size dissolution filter. The amount of rivaroxaban dissolved was quantified 
using the same spectrophotometric method described for the solubility determination. 

2.4. Development of the Biopredictive Dissolution Method 

 Tablets (n = 3) of the reference drug product Xarelto® 20 mg were submitted to different 
dissolution test conditions, as shown in Table 1. The dissolution media used was acetate buffer 
solution pH 4.5 and the surfactant used was sodium dodecyl sulfate (SDS). 

Table 1. Dissolution test conditions used to evaluate Xarelto® 20 mg tablets. SDS concentration is 
presented in % and molarity (M). 

Run Apparatus Rotation speed (rpm) Volume (mL) SDS (%) SDS (M) 
T1 2 75 900 0.25 0.00867 
T2 2 75 900 0.10 0.00347 
T3 2 50 900 0.25 0.00867 
T4 2 100 900 0.25 0.00867 
T5 2 60 900 0.15 0.00520 

2.5. Dissolution Efficiency Evaluation 

The dissolution profiles obtained according to the test conditions presented in Table 1, were 
evaluated regarding their dissolution efficiency (DE). DE values were calculated using the Microsoft 
Excel add-in program DDSolver. 
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2.6. PBBM Development, Validation and Use 

A PBPK model for rivaroxaban was developed considering PBBM, validated and used to 
simulate plasma concentration-time curves of rivaroxaban tablets using the dissolution data as 
inputs. Obtained output data were used to perform virtual bioequivalence (VBE) studies. With these, 
it was aimed to evaluate the biopredictive performance of the dissolution test conditions (Table 1). 
The steps are illustrated in the workflow below (Figure 1). 

 

Figure 1. PBBM workflow. 

2.6.1. PBPK Model Development 

A PBPK model for rivaroxaban was built using GastroPlus® software version 9.8 (Simulations 
Plus Inc., Lancaster, CA, USA). Physicochemical and biopharmaceutical parameters calculated by the 
ADMET Predictor® module of GastroPlus®, and obtained from the literature, as well as experimental 
data, detailed in Table 2, were firstly inserted in the software as input data. 

Table 2. Summary of the key physicochemical, biopharmaceutical, and pharmacokinetics parameters 
used to build the PBPK model for rivaroxaban. 

Parameters Input vales References 
Molecular weight 435.89 g/mol ADMET Predictor® 

logP 1.5 [17] 

Solubility 
0.006 mg/mL (pH 1.2, pH 

4.5 and pH 6.8) 
Experimental data 

FaSSIF solubility 0.02 mg/mL [20] 
FeSSIF solubility 0.08 mg/mL [20] 

pKa 10.87 ADMET Predictor® 
Mean particle radius 7.79 µm Optimized data 

 Fup 1 5.1% [17] 
B/P 2 0.716 [21] 
Peff 3 3.02 x 10-4 cm/s [22] 

Kidney OAT3 influx transporter 
Vmax 4 = 4.62 x 10-7 mg/s 

Km 5 = 0.479 mgL 
Optimized data 

Kidney Pgp efflux transporter 
Vmax 4 = 2.13 x 10-5 mg/s 

Km 5 = 10.03 mg/L 
Optimized data 
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Kp 6 

Lung (0.48) 
Adipose (0.37) 
Muscle (0.77) 
Spleen (0.79) 
Heart (0.83) 
Brain (1.44) 
Skin (0.84) 

Reproductive organs (0.78) 
Red marrow (1.36) 

Yellow marrow (0.37) 
Rest of the body (0.79) 

Kidney (0.78) 
Liver (1.03) 

Predicted values using 
GastroPlus® 

Absorption scale factors (ASF) – fasted state 

Duodenum (1.836) 
Jejunum 1 (1.836) 
Jejunum 2 (1.836) 

Ileum 1 (1.836) 
Ileum 2 (1.836) 
Ileum 3 (1.836) 
Caecum (0.023) 

Ascendent colon (0.241) 

Predicted values using 
GastroPlus® 

Absorption scale factors (ASF) – fed state 

Duodenum (2.673) 
Jejunum 1 (2.658) 
Jejunum 2 (2.629) 

Ileum 1 (2.592) 
Ileum 2 (2.568) 
Ileum 3 (2.505) 
Caecum (0.622) 

Ascendent colon (1.206) 

Predicted values using 
GastroPlus® 

1 Fup: fraction unbound in plasma; 2 B/P: blood to plasma ratio; 3 Peff: effective permeability; 4 Vmax: Maximal 
velocity of the reaction; 5 Km: Michaelis-Menten constant value; 6 Kp: tissue to plasma partition coefficient. 

In sequence, the plasma concentration-time curves for oral administration of Xarelto® tablets, 
containing 20 mg of rivaroxaban, reported by Kubitza et al. [14], were used to set up the PBPK model. 
Kubitza et al. [14] performed the in vivo study with ten healthy caucasian men, aged between 18 and 
45 years, with body mass index (BMI) from 18 to 32 Kg/m2, under fasting and high fat dietary fed 
conditions. 

The PBPK model was setup considering the physiology of a healthy 33-year-old man, with 80.8 
kg of body weight and 24.4 kg/m2 of body mass index (BMI). The partition coefficients between 
tissues and blood plasma (Kp) and fraction unbound to tissues (Fut) were calculated using the Poulin 
method, which was also considered for both perfusion and permeability limited tissues. Renal 
clearance was calculated by the product between glomerular filtration rate (GFR) and Fup while 
hepatic clearance was obtained by ADMET Predictor®. 

To achieve adequate predictions under the fasting condition, the plasma concentration-time 
curve of Xarelto® 20 mg, described by Kubitza et al. [14], was used to set the ASF (Absorption Scale 
Factors). 

Then, fed state simulations were performed using “Human - Physiological - Fed; Opt logD 
Model SA/V 6.1” setting in GastroPlus®, considering the high calorie (900 Kcal) and high fat (55%) 
meal option.  

For both fasted and fed PBPK models, simulations were performed without the use of in vitro 
dissolution profiles, selecting as dosage form immediate-release tablets (IR:Tablet) and Johnson 
dissolution model, with simulation length of 24 hours, comparing the obtained results with those 
described by Kubitza et al. [14]. 

2.6.2. PBPK Model Validation 

In order to evaluate the PBPK model, simulations were run in both fasted and fed states. In 
sequence, the predicted PK parameters maximum plasma concentration (Cmax) and area under the 
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curve (AUC0-t) were compared to those described by Kubitza et al. [23,24], and Stampfuss et al. [15]. 
These parameters were obtained by running simulations without the use of in vitro dissolution 
profiles as input data, selecting the IR:Tablet as the dosage form. 

A second validation step was performed to validate the PBBM approach, by linking 
experimental dissolution profiles to the PBPK model. The experimental dissolution profile of the 
reference drug product Xarelto® 20 mg tablets, obtained by applying the following method 
recommended by the FDA [19], (apparatus 2 at 75 rpm and 900 ml of acetate buffer solution pH 4.5, 
containing 0.4% of SDS), was used as input data in the software. A Weibull function was fitted to the 
dissolution profile and the dosage form CRU: Dispersed was selected, which allowed the software to 
consider the release of undissolved particles of the drug according to the dissolution profile, which 
than dissolve according to the Johnson’s dissolution model in GastroPlus®. The simulations were 
performed in both fasted and fed states, and the values of the predicted PK parameters were 
compared to data from the literature. 

2.6.3. Evaluation of Model Predictability 

Aiming to evaluate the robustness of the model, predicted/observed ratio (P/O) and success 
criteria (SC) were used to compare the simulated PK parameters, under fasted and fed conditions, 
for Xarelto® 20 mg with the observed ones.  

P/O values were considered acceptable when they were within the 0.8-1.25 range [25]. SC 
formula considers sample size (N) and intra-individual variation (CV%) of the observed data to 
establish the confidence interval (CI), in which the geometric mean of predicted Cmax and AUC0-t must 
not exceed the lower and upper limits of the P/O ratio, as previously described by Abduljalil et al 
[26]. 

2.6.4. Model Use 

After PBPK model validation, the dissolution profiles experimentally obtained according to 
different dissolution test conditions (Table 1), were added to the software in order to assess which 
dissolution test condition would be more biopredictive. The simulations were run in GastroPlus®, in 
both fasted and fed states, with CRU: Dispersed selected as the dosage form and a Weibull function 
fitted to each dissolution profile. The PK data Cmax and AUC0-t, generated as outputs from the 
predicted plasma concentration-time curves, were compared with the PK parameters obtained using 
the dissolution profile described in the FDA for Xarelto® 20 mg tablets, for both fasted and fed states, 
by running virtual bioequivalence (VBE) studies.  

2.7. Virtual Bioequivalence Studies 

VBE studies were performed to test the biopredictive power of the dissolution methods (Table 
1). 

The population simulator in GastroPlus® was used to run VBE studies using the CRU: Dispersed 
as the dosage form and Weibull function fitted to each dissolution profile, in comparison to the 
predicted plasma concentration-time curve of the Xarelto® 20 mg tablets, obtained using the 
experimental dissolution profile using the FDA dissolution method as previously described.  

The virtual crossover trials, randomized from the normal distribution, logarithmic scale, were 
performed considering a population of 48 healthy male Caucasian subjects, with body weight 
between 65 and 95 kg and BMI of 19 to 29 kg/m2. The test conditions were considered bioequivalent 
if the 90% confidence intervals (CI) the geometric mean test/reference for Cmax and AUC0-t ratios were 
within the bioequivalence limits of 80 and 125% [27,28]. 

3. Results and Discussion 

3.1. Solubility Determination 
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According to the results exhibited on Table 3, rivaroxaban present low and constant solubility 
value in HCl 0.1 M, acetate buffer pH 4.5, and phosphate buffer pH 6.8 solutions. Dose/solubility 
(D/S) ratio is used to calculate the volume of dissolution media required to dissolve the dose 
completely. According to the Biopharmaceutics Classification System, a drug is considered highly 
soluble when the D/S ratio is ≤ 250 mL in the physiological pH range [25]. Very high values (> 3,000 
mL) of D/S ratio were found for the solutions, which confirms its low solubility according to the BCS. 

The results of the solubility of the drug in 0.05 M acetate buffer pH 4.5 containing different 
concentrations of the surfactant SDS are also presented in Table 3.   

Table 3. Rivaroxaban solubility results and dose/solubility ratio. 

Solubility media Solubility (mg/mL) CV (%) D/S ratio (mL) 
0.1M HCl 0.006 3.7 3333.00 

Acetate buffer pH 4.5 0.006 1.2 3333.00 
Phosphate buffer pH 6.8 0.006 1.3 3333.00 

Acetate buffer pH 4.5 + 0.1% SDS 0.046 5.0 434.78 
Acetate buffer pH 4.5 + 0.2% SDS 0.088 2.0 227.27 
Acetate buffer pH 4.5 + 0.4% SDS 0.101 3.1 198.02 

The low and constant solubility of rivaroxaban in the physiologically pH range (Table 3) is in 
agreement with its high pKa value (10.87), being on its unionized form at pH below its pKa. It is well-
known that, for BCS class II drugs, dissolution is the rate-limiting step for absorption. For better 
absorption, it is recommended the administration of rivaroxaban at the higher dose strength (20 mg) 
with food. Due to its low solubility, the increase of bile salt concentration in the fed condition can 
help to solubilize the drug, which was already demonstrated by Kushwah et al. [29]. The authors 
evaluated the solubility of rivaroxaban in biorelevant dissolution media at different pH conditions 
and found higher solubility in the fed state than in fasted condition. 

Since the recommended dissolution method by the FDA for rivaroxaban tablets is acetate buffer 
pH 4.5 + 0.4% SDS, this solubility medium and two other SDS concentrations (0.1% and 0.2%) were 
also tested. The results (Table 3) show a high increase in drug solubility by adding SDS to the 
dissolution medium. As a surfactant, SDS increases the wettability of the drug particles, helping to 
solubilize the drug. The solubilization process depends on the critical micelle concentration (CMC), 
in other words, as the amount of surfactant increases, the solubility increases. The amount of SDS 
used in the FDA dissolution method (0.4%) corresponds to 0.01387M, a value 1.73 times higher than 
the CMC of the SDS (0.008 M), which can explain the high solubility value of drug at this condition. 

3.2. FDA Dissolution Method 

The dissolution profile of Xarelto® 20 mg tablets, obtained by applying the method 
recommended by the FDA for the 20 mg dose strength, is shown in Figure 2.  
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Figure 2. Dissolution profile of Xarelto® 20 mg, obtained using 900 mL of acetate buffer pH 4.5 + 0.4% 
SDS, using apparatus 2 at 75 rpm. 

Using the dissolution method recommended by the FDA, rivaroxaban presents very rapid 
dissolution characteristics. It may be attributed to the high amount (0.4%) of the surfactant SDS used 
in the dissolution medium, since it was the dissolution medium where rivaroxaban showed the 
highest solubility (Table 3). In this scenario, other dissolution test conditions (Table 1) were tested 
and in silico tools were used to show their in vivo relevance. 

3.3. Development of Biopredictive Dissolution Method and Dissolution Efficiency Evaluation 

The results of rivaroxaban percent dissolved from Xarelto® 20 mg tablets when applying the 
dissolution test conditions previously described in Table 1, are shown in Figure 3. 

 
Figure 3. Dissolution profiles Xarelto® 20 mg tablets using the following dissolution methods: T1 
(apparatus 2 at 75 rpm and 900 mL of acetate buffer pH 4.5 + 0.25% SDS), T2 (apparatus 2 at 75 rpm 
and 900 mL of acetate buffer pH 4.5 + 0.10% SDS), T3 (apparatus 2 at 50 rpm and 900 mL of acetate 
buffer pH 4.5 + 0.25% SDS), T4 (apparatus 2 at 100 rpm and 900 mL of acetate buffer pH 4.5 + 0.25% 
SDS), T5 (apparatus 2 at 60 rpm and 900 mL of acetate buffer pH 4.5 + 0.15% SDS), and FDA (apparatus 
2 at 75 rpm and 900 mL of acetate buffer pH 4.5 + 0.4% SDS). 

The calculated values of DE were T1 = 83.1%, T2 = 44.5%, T3 = 65.6%, T4 = 84.9%, and T5 = 68.8%. 
The same amount of SDS (0.25%) was used in the dissolution test conditions T3, T1 and T4, for which 
the difference was only the rotation speed, 50 rpm, 75 rpm and 100 rpm, respectively (Table 1). The 
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increase in the rotation speed showed to have an influence on the values of DE, showing lower value 
for T3 (65.6%) than for T1 (83.5%) and T4 (84.9%). Additionally, the same rotation speed (75 rpm) was 
used for T2 and T1 conditions, but with different amounts of SDS, 0.10% and 0.25%, respectively. It 
showed an effect on the percent of rivaroxaban dissolved, and consequently, in the DE values, 44.5% 
for T2 and 83.7% for T1.  

The dissolution profiles obtained for T1 and T4 were closer to that obtained using the FDA 
dissolution method. For T1 and T4, the same amount of SDS (0.25%) was used, which corresponds to 
0.00867 M, and 75 rpm and 100 rpm, respectively, as rotation speed. In these two cases, the amount 
of SDS used was sufficient to reach its critical micelle concentration (0.008 M), and a minimal rotation 
speed of 75 rpm was necessary to obtain dissolution profiles closer to the one obtained using the FDA 
dissolution method. However, despite the same SDS concentration (0.00867 M) used at T3 condition, 
the rotation speed (50 rpm) showed not to be sufficient to release the drug closer to the dissolution 
profile obtained using the FDA dissolution method. 

The concentration of SDS used at T2 and T5 were 0.10% (0.00347 M) and 0.15% (0.00520 M), 
respectively, in both cases lower than the CMC of SDS (0.008 M). It is evident that the low amount of 
SDS used at T2 lead to the lower percent of drug dissolved. It seems that even using 75 rpm as the 
rotation speed, it was necessary a minimum amount of SDS, even at a concentration lower than its 
CMC, that should be higher than 0.00347 M. For T5, the combination of 0.00520 M of SDS and a 
rotation speed of 60 rpm led to a higher amount of drug released in the first 20 minutes of dissolution 
test compared with the T3.     

These dissolution profiles (Figure 3) were used as input data in GastroPlus® to assess their 
impact on the bioavailability.  

3.4. Development and Validation of the PBPK Model 

The obtained hepatic and kidney clearance from the developed PBPK model, CLliver and CLkidney 
were 9.773 L/h and 3.559 L/h, respectively, leading to a predicted systemic clearance CLsys = 13.332 
L/h. The volume of distribution Vss was 48.470 L and the half-life T1/2 was 2.519 hours. PBPK model 
using the tissue to plasma partition coefficients (Kp) described in Table 2, was applied to both fasted 
and fed states. 

The obtained values of the PK parameters were compared to those reported by references #14 
(Table S1), using the P/O and SC, as part of the first validation step.  

The model was able to predict both fasted and fed states, according to the bioavailability values 
reported in literature [14]: 66% (fasted) and 80 – 100% (fed). Similarly, the predicted Tmax values 
were within the observed data 0.8 – 4.0 h (fasted) and 1.3 – 6.0 h (fed), also reported by Kubitza et al. 
[14]. 

In light of these results, it was decided to maintain the ASF values obtained by our optimizations 
(Table 2), as they can be supported by the reported behavior of the drug. In addition, the PBPK model 
was validated by comparative analysis between the simulated pharmacokinetic parameters with the 
data reported by Kubitza et al. [23,24] and Stampfuss et al. [15], which are presented in Tables S2 and 
S3, respectively. Thus, the ASF, as well as the model, were considered satisfactory. 

From the results that include the first step of model validation (Tables S1, S2, and S3), predicted 
PK parameters were compared with the observed data using the P/O ratio and the success criteria 
(SC) range, as previously described. For the great part of the results, the P/O ratio was within the 0.8 
– 1.25 range [30], and for those cases where P/O was lower than 0.8, the values were within the success 
criteria. SC is very useful because it considers the coefficient of variation and the number of subjects 
included in the in vivo study, mainly for drugs with high variability and when the observed data was 
obtained from a low number of subjects [26]. SC was previously used to compare predicted vs 
observed PK data of immediate and extended-release dosage forms, showing to be a valuable 
comparison criterion [31,32].  

For the second validation step, the PBBM was challenged by introducing the dissolution profile 
of Xarelto® 20 mg tablets, obtained experimentally, using the dissolution method recommended by 
the FDA (acetate buffer pH 4.5, containing 0.4% of SDS), referred as FDA method, modeled fitting it 
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to a Weibull function. The simulated PK parameters were compared with the data from reference #14 
(Table S4), and were within the acceptance range considering P/O and SC range, for both fasted and 
fed states. 

For all simulations, predicted plasma concentration-time curve of 20 mg rivaroxaban tablets, in 
fasted state, showed a reduction of 56%, 69% and 75% for Cmax, AUC0-t and Tmax, respectively, in 
comparison to fed state. These results demonstrate that food intake improves rivaroxaban’s 
bioavailability, in accordance with literature [14,15,33,34]. 

The change in ASF values suggests that these parameters have high sensibility to physiological 
changes that occur in the fasted and fed state. In addition, it might significantly impact the 
formulation’s absorption kinetics, since there are still several unknown factors involved in absorption 
in the lower portion of the gastrointestinal tract (GIT) [35]. 

The results obtained by our simulations show that the bioavailability of rivaroxaban is reduced 
in the fasted state, which is in accordance with literature. Therefore, the optimization of ASF values 
for the fasted conditions, in order to adjust the predictive absorption in the GIT compartments, 
resulted in approximately 30% lower ASF values, in comparison with the default settings to fed state 
(Table 2). This reduction fits the reduced bioavailability of the compound in the fasted state, which is 
related to its decreased absorption, due to low solubility. 

In contrast, the ASF values obtained by Kushwah et al. [29], also using the optimization module 
in the GastroPlus®, were approximately 14-fold higher than the default values. These increased values 
mean faster absorption of the drug, especially in the small intestine, which requires higher dissolution 
of a low solubility drug and may contribute to a higher bioavailability in the fasted state. 
Nevertheless, this phenomenon diverges from the reported critical material attribute (low solubility) 
and clinical data (decreased bioavailability in fasted state), reported in literature.   

A key point of our results is the obtainment of acceptable predictions (Table S4) using dissolution 
results obtained using the dissolution method recommended by the FDA. It represents an advantage 
since it is applicable for quality control and stability tests, providing greater safety in releasing the 
products to the market, as well as useful in post-approval changes. 

 Since predicted values in all validation steps, considering the mechanistic factors affecting drug 
absorption, were contemplated in the P/O or SC range, the model was considered validated and it 
was used to evaluate different dissolution profiles, with focus on the evaluation of biopredictive 
power of each dissolution test condition.  

3.5. PBPK Model Use and Virtual Bioequivalence Studies 

Using the dissolution profiles obtained from the dissolution test conditions T1, T3, T4 and T5 
showed to pass in the VBE in both fasted and fed states, while T2 failed in both conditions, as shown 
in Table 5. 

Table 5. Data and outputs of the VBE studies, performed under fasted and fed states. 

Run 
Time 
(min) % Dissolved 

Geometric ratio (%) and 90% 
CI 

Cmax AUC0-t 

T1 - Fasted 

30 94 100.6 100.3 
45 94 92.96 – 108.85 90.64 – 

111.03 
60 94   

     

T2 - Fasted 

30 49 67.34 69.21 
45 53 63.26 – 71.67 63.79 – 

75.09 
60 54   

     
T3 - Fasted 30 79 93.46 93.46 
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45 88 87.47 – 99.87 85.60 – 
102.05 

60 93   
     

T4 - Fasted 

30 99 100.0 99.77 
45 100 93.62 – 106.85 90.90 – 

109.5 
60 100   

     

T5 - Fasted 

30 76 93.83 94.14 
45 82 86.72 – 101.53 84.56 – 

104.79 
60 84   

     

T1 - Fed 

30 94 97.66 97.35 
45 94 93.23 – 102.29 89.72 – 

105.61 
60 94   

     

T2 - Fed 

30 49 65.40 65.40 
45 53 60.70 – 70.50 58.20 – 

73.40 
60 54   

     

T3 - Fed 

30 79 96.03 95.74 
45 88 90.90 – 101.43 87.39 – 

104.89 
60 93   

     

T4 - Fed 

30 99 101.40 101.80 
45 100 95.84 – 107.36 93.68 – 

110.61 
60 100   

     

T5 - Fed 

30 76 91.46 91.77 
45 82 85.89 – 97.38 83.32 – 

101.06 
60 84   

These VBE studies were performed to test the biopredictive power of the dissolution methods 
(Table 1). Biopredictive dissolution methods are defined as those dissolution test conditions that can 
be used to quantitatively predicted in vivo PK profiles [36]. 

The approval of T1, T3, T4, and T5 in VBE for both fasted and fed states means that these 
dissolution test conditions can be used as biopredictive dissolution methods, since it was able to 
adequately predict the in vivo outcomes in these cases. The dissolution profile obtained using the T2 
dissolution test (Figure 3) did not show adequate biopredictive power (Table 5). 

By running these VBE studies (Table 5), and considering the dissolution profiles (Figure 3) 
obtained for each test condition (Table 1), it was possible to build a dissolution safe space (Figure 4) 
and to set a dissolution specification. 
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Figure 4. Dissolution safe space (gray area) for Xarelto® 20 mg tablets, represented by the upper limit 
and lower limit (spec). 

IR tablet formulations containing 20 mg of rivaroxaban, which dissolution profile is within T3 
up to 20 minutes and, after this, T5 up to 60 minutes (lower limit) and the dissolution profile of the 
FDA dissolution method (upper limit) can be bioequivalent. 

Additionally, a dissolution test specification of not less than 66% dissolved in 20 minutes, that is 
amount of drug dissolved found for T3, and not less than 84% dissolved in 60 minutes, could be used 
as a quality control specification. 

The development of PBPK models for molecules with high variability consists of a major 
challenge, which makes model validation essential to ensure its robustness and reproducibility. 
Nevertheless, we obtained as output a particular in silico absorption profile for each dissolution 
condition. It demonstrated that PBBM has the potential to increase the robustness of the evaluations 
of biopredictive power of the dissolution tests. Moreover, it contributes with the consistency of virtual 
bioequivalence studies, which allows the prediction of the formulations’ quality by its dissolution 
performance. 

The developed PBBM was based on a PBPK model, which considers all tissues and organs 
compartmentalized and interconnected by the bloodstream – showing to be adequate, as it has higher 
complexity, with all processes involved in drug absorption and elimination considered in the system 
[37].  

4. Conclusions 

The combination of the amount of SDS used in the dissolution medium and the rotation speed 
showed to be important to its biopredictive power. It can be achieved using a minimal of 0.15% 
(0.00520 M) of SDS and a rotation speed of 60 rpm, that was used for T5 dissolution test condition. A 
dissolution specification of not less than 66% dissolved in 20 minutes and 84% in 60 minutes can be 
used for quality control purposes. Additionally, the PBBM developed and validated, and was able to 
capture the differences in the dissolution behavior in each case, in both fasted and fed conditions, by 
running virtual bioequivalence studies. This approach can help pharmaceutical companies in the 
development of dissolution tests and to set up biopredictive dissolution test specifications. 
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Supplementary Materials: The following supporting information can be downloaded at: Preprints.org, table S1: 
Comparative analysis of pharmacokinetic parameters with observed [14] and predicted data, in fasted and fed 
states, for the administration of Xarelto® 20 mg tablets; Table S2: Comparative analysis of the predicted PK 
parameters with the observed data of Xarelto® 20 mg’s intake [23,24], in fasted and fed states; Table S3: 
Comparative analysis of the predicted PK parameters with the observed data of Xarelto® 20 mg’s intake (15), in 
fasted and fed states; Table S4: Second validation step with a comparative analysis of pharmacokinetic 
parameters with observed [14] and predicted data, in fasted and fed states, using the dissolution profile of 
Xarelto® 20 mg tablets, obtained using the FDA recommended dissolution method [19], as input data, modeled 
by fitting it to a Weibull function. 
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