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The thrust of this thesis is to study oral solid dosage formulation using hot melt 

coating method and to use pharmacokinetic modeling and simulation (PK M&S) 

as a tool that can help to predict pharmacokinetics of a drug in human and the 

probability of passing various bioequivalence criteria of the formulation based 

on the PK of the drug. 

Hot-melt coating using a new method, direct blending, was performed to create 

immediate and sustained release formulations (IR and SR). This new method 

was introduced to offer another choice to produce IR and SR drug delivery 

formulations using single and double coating layer of waxes onto sugar beads 

and/or drug loaded pellets. 



 
 

Twelve waxes were applied to coat sugar cores. The harder the wax the slower 

the drug was released from single coated beads. The wax coating can be 

deposited up to 28% of the weight of the core bead with 58% drug loading 

efficiency in the coating 

The cores were coated with single or double wax layers containing 

acetaminophen. Carnauba wax coated beads dissolved in approximately 6 hrs 

releasing  80% of loaded drug. However, when covered with another layer, the 

drug loaded beads released drug for over 20 hrs. When drug loaded pellets 

were used as cores, 33-58% drug loading was achieved. Double coated pellets 

exhibited a near zero order drug release for up to 16 hrs.  

Hot melt coating by direct blending using waxes is a simple process compared 

to conventional hot melt coating using coating pan or fluid bed coating 

machines. It offers an alternative way of making immediate, sustained drug 

release (IR, SR) and modified release (IR+SR) oral dosage forms of drugs which 

are stable at high temperature (1000C). The pellet-containing-drug coated 

formulations provide options when higher drug loading is warranted. 

It is required by the US Food and Drug Administration (FDA) that a new 

modified –release (MR) product or identical generic product be regarded as 

bioequivalent (BE) to the originators reference drug product.  However, there 

are concerns that current regulatory criteria are not sufficient when evaluating 

bioequivalence (BE) for many MR products, and additional metrics for BE 

assessment of the products should be applied to ensure therapeutic 

equivalence. This study used pharmacokinetic modeling and simulation (M&S) 

to investigate 1) the probability of BE occurring between the MR test and 

reference products 2) the rates of false positive and true negative of the BE test; 

and 3) the estimation of the sample size in pivotal BE studies; all of which when 

partial area under the curves (pAUCs) were applied as additional BE criteria. 



 
 

Reference data of two MR forms of methylphenydate HCl (MPH) were simulated 

and obtained from literature (formulation Q and Metadate CD, respectively). 

Monte Carlo simulations were performed to simulate the test drug 

concentration profiles and BE assessment was carried out utilizing the mean 

(method 1) and individual concentration time curves (method 2). 

For formulation Q, adding pAUC0-Tmax to current BE criteria reduced the 

possibility of passing BE from approximately 98% to 85%, with a true negative 

rate of 5%. The earlier the time points used to determine for pAUC before Tmax, 

the lower the chance of passing BE for the test product. The possibility of 

passing BE varied and depended on the coefficient of variations (CV) of Tlag, Ka 

and Ke and that considerable variability in the parameters affected the earlier 

segments of the drug concentration profile curves more. Similar drug 

concentration time profiles between the test and reference products is 

recommended to ensure bioequivalence occurs with a reasonable subject 

sample size. A similar scenario was seen when Metadate CD was used as the 

reference product. 

PK M&S can help provide appropriate additional metrics to assure the BE test is 

a better tool ensuring therapeutic equivalence for MR products with little 

negative impact to generic manufacturers. Predictions can also be made about 

the required sample size and the chances of passing BE with any addition to the 

conventional three criteria for the test product. 

PK M&S was also used to predict drug concentrations of levofloxacin in tissue. 

Levofloxacin has been widely used in clinical practice as an effective broad-

spectrum antimicrobial, however tendonitis and tendon rupture have been 

reported with increasing use of this agent. Here, these incidents will be assessed 

by investigating pharmacokinetic behavior of the compound to see if they are 

related to drug’s tissue disposition. The PK model for levofloxacin was 



 
 

established. Mean concentration time profiles of single or multiple dosing of  

500 mg levofloxacin following oral and IV infusion administration were 

simulated. Monte Carlo simulation was used to simulate the drug concentration 

time profiles in plasma (compartment 1) and tissue (compartment 2) after 

seven dosing regimens while varying the drug’s elimination and distribution 

rates to see the effect of changing those rates have on the drug accumulation in 

tissue. Monte Carlo Simulation shows that low elimination rates affect the drug 

concentration in plasma and tissue significantly with the level in plasma rising 

up to 35 μg/mL at day 7. A normal elimination rate together with escalation of 

distribution rates from plasma to tissue could increase the tissue concentration 

after 7 doses to 9.5 µg/mL, a value that is more than twice that of normal. PK 

M&S can be used as an effective tool to evaluate drug concentration in different 

compartments (plasma and tissues, for example). The unexpectedly high 

concentration values in some cases may explain, at least in part, the reason of 

tendinopathy occurs in the clinical setting. 
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1. Introduction 

A novel technique to produce sustained action drug delivery using current 

commercially available equipment, materials and excipients is desired by the 

pharmaceutical Industry. Hot-melt coating by direct blending offers such a 

solution.  Using hot-melt coating method by direct blending has been studied 

extensively utilizing in vitro methods at Oregon State University, College of 

Pharmacy. 

The direct blending method introduced in this study in which a water bath was 

used to control the temperature throughout the study. First, the wax was 

melted at 10-20oC higher than its melting point, the drug and other additives 

(if needed) were then added. The combination was mixed by vigorous stirring. 

When a homogenous mixture was attained, the preheated cores were added 

during continuous stirring. When the batch was mixed well, the temperature 

was reduced gradually while stirring continued. When room temperature was 

reached, the wax re-solidified, coating the beads with the drug and other 

excipients entrapped. This new method provides better process control, 

allows more drug loading and material deposit, utilizes easily available 

equipment, and offers another option to make immediate release (IR) and 

sustained release (SR) dosage forms. This method was studied as another 

option to formulate a SR dosage form of water soluble drugs. By this method, 

generic or modified release (MR) products can be produced. 

The US Food and Drug Administration (FDA) requires that a new modified 

release (MR) product or identical generic product be regarded as BE to an 

already approved reference drug.   After meeting the average BE criteria, it is 

considered to be interchangeable with its comparable reference drug in 

efficacy and safety (therapeutic equivalency). A BE study is usually conducted 

to demonstrate that the performance of two products are not significantly 
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different. This study can also dissect the factors that constitute or create a 

‘significant’ difference in the way the products perform.  

Recently researchers and regulatory agencies have raised great concern that 

conventional criteria for the acceptance of BE do not always reflect the 

therapeutic equivalence of some types of drugs, particularly for MR products 

[1, 2].  

MR products are those dosage forms designed to have controlled release of 

drug over time while achieving efficacy and safety targets. In addition to the 

delayed and/or prolonged release characteristics, newer oral MR products 

also exhibit pulsatile-release, chrono-release or targeted delivery (e.g., colonic 

delivery). They offer convenient objectives that may provide advantages over 

the conventional products such as solution or immediate release (IR) dosage 

forms. Some MR products are comprised of both instant and extended release 

components [2] which provide rapid onset of action (rapid rate of rise in 

plasma drug level post dose) and impart longer duration of effect and reduce 

tolerance such as in the case with methylphenidate [3]. Standard metrics of 

area under the plasma concentration versus time curve (AUC) and maximum 

measured plasma concentration (Cmax) may not ensure bioequivalence 

because they do not detect important pharmacokinetic (PK) and 

pharmacodynamics (PD) differences in certain products. This may be 

demonstrated with a methylphenidate extended release formulation approved 

by FDA. Without ensuring bioequivalence, two products may not be assumed 

to be therapeutically equivalent and, therefore, clinically interchangeable. 

Extended release formulations of MPH evidence a strong relationship between 

plasma drug concentration and pharmacologic pharmacological effect. 

Additional metrics should be used for certain products to ensure 

bioequivalence and, therefore, therapeutic equivalence. The metric, partial 
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AUC (pAUC), helps elucidate differences in the PK and PD profiles of extended 

release formulations of MPH [2, 4]. 

In light of these concerns, the purpose of this study was to use PK modeling 

and simulation (PK M&S) to analyze two case of MR products of MPH in order 

to elucidate the rationale, benefits and scientific issues of applying pAUCs 

along with a set of three common BE criteria AUC from zero to infinity (AUCinf), 

AUC from zero to the last measured concentration time point (AUClast) and 

Cmax. The objectives were 1) to assess the probability of passing BE criteria, 

and 2) to assess the rates of false positive and true negative values when one 

or more pAUCs were applied as additional BE criteria. These objectives would 

provide guidance for a company generic drug approval application of using 

pAUCs as additional BE criteria.  The programming can be applied to any MR 

products in which pAUCs are identified as clinically important. Because early 

pAUCs consistently exhibit significantly high within-subject variability, it is 

essential to statistically demonstrate BE in a study using a reasonable number 

of subjects. Therefore, the last objective of this study was to provide a 

programming code for sponsors to calculate the number of subjects needed in 

pivotal BE studies when any new criteria are added. 

PK M&S can be powerful tool to predict drug concentrations in different tissue 

compartments which was applied to Levofloxacin in this study. To date, 

adverse effects such as tendonitis, particularly in the ankle areas, and less 

often Achilles tendon rupture, arthralgia, myalgia, etc have been reported with 

increasing use of fluoroquinolones [5-9]. In this regard, a third generation of 

fluoroquinolones has been introduced to the clinic with great expectation from 

the pharmacological community that they potentially have greater 

antibacterial efficacy while reducing adverse effects. Among the newer agents, 

Levofloxacin appears to be safe and extremely well tolerated after both oral 
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and intravenous administration [10, 11]. It exhibits a low incidence of 

gastrointestinal and central nervous system adverse events, extremely low 

phototoxicity, and no cardiotoxicity [12]. However, the unexpected, incidences 

of tendinitis and tendon rupture associated with fluoroquinolones, in general, 

and with levofloxacin, in particular, have emerged [7, 13-16] with more and 

more documented reports worldwide. Among those, tendinopathy accounted 

for 4.1% of the cases with mostly pain or inflammation of the achilles tendon 

and only rarely rupture of the tendon [17, 18]. The reporting rate of 

tendinopathies was highest for levofloxacin, in which the compound was 

responsible for 7 out of the 11 cases [17], while another study revealed that 

Achilles tendon rupture by levofloxacin has approximately one percent 

incidence which is higher than previously reported [18]. Tendon injury was 

reported to occur as early as two hours after administration of the first dose to 

as late as 6 months after treatment [19, 20]. The risk factors of 

fluoroquinolone-induced tendinopathy include older age, concomitant 

corticosteroid therapy and renal dysfunction (renal insufficiency, dialysis, 

renal transplant patients). Caution has been raised when prescribing a 

combination therapy of steroids and levofloxacin to patients, particularly to 

those with known risk factors regardless of differences in physio-pathologic 

conditions [21]. 

The combination of multiple mechanisms acting simultaneously may help 

explain some of the unexpected complications in clinical settings. In fact, it has 

been reported that tendon disorder symptoms, despite rest and supportive 

treatment, continued for 6 months after terminating use of the medicine [18, 

22]. Moreover, severe tendinopathy incidents can be seen in patients even 6 

months after the administration of fluoroquinolone compounds [20]. The 

mechanisms of tendonitis and Achilles tendon rupture remain unclear. The 

accumulation of fluoroquinolones/levofloxacin in tendon may be the reason 
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for tendon incidents. However, there is no confirmation of the relationship 

between plasma concentrations to tendonitis and/or whether additional 

reasons can lead to an increase in drug accumulation in tendon tissue causing 

complications. Therefore, a new and simple process to determine drug 

distribution extent and rate to tendon tissue leading to the prediction of 

biological outcomes is needed and can be used as an early warning for 

levofloxacin toxicity in daily practice. This study used Monte Carlo simulation 

to assess the usefulness of PK prediction in relation to levofloxacin tissue 

accumulation and tendinopathy. The objective is to elucidate the potential 

relationship between levofloxacin accumulation in tendon tissue (or 

levofloxacin concentration, distribution) and tendinopathy incidents.  
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2. Preparation of Acetaminophen capsules containing beads prepared by 
hot-melt coating method 

2.1. Abstract 

This study was performed to assess hot-melt coating using a new method, 

direct blending, to create immediate and sustained release formulations (IR 

and SR). The new method was introduced to offer another choice to produce 

IR and SR drug delivery formulations using single and double coating layer of 

waxes onto sugar beads and/or drug loaded pellets. 

Twelve different coating agents were assessed for their effects on drug release 

after being applied to coat the sugar cores. Drug containing pellets were also 

produced and used as cores. The cores were coated with single or double wax 

layers containing acetaminophen (APAP). Weight gain to the beads and drug 

loading capacity were studied to assess the efficiency for hot-melt coating by 

direct blending application on these parameters. Predicted plasma drug 

concentration time profiles using convolution and in-vitro drug release 

properties of the beads were performed for optimal formulations. 

The harder the wax the slower the resultant drug release from single coated 

beads. The wax coating can be deposited up to 28% of the weight of the core of 

the core bead with 58% drug loading efficiency in the coating. Carnauba 

coated beads dissolved in approximately 6 hr releasing 80% of loaded drug. 

However, when covered with another wax layer, the drug loaded beads 

released drug for over 20 hr. When pellets were used as cores, 33-58% drug 

loading was achieved. Double coated pellets exhibited a near zero order drug 

release for up to 16 hr.  

Hot-melt coating by direct blending using waxes is a simple process compared 

to conventional hot-melt coating using coating pan or fluid bed coating 

machines. It offers an alternative way of making immediate and sustained 
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drug release oral dosage forms of drugs which are stable to temperature. The 

pellet-containing-drug coated formulations provide options when higher drug 

loading is warranted. 

2.2. Introduction 

Historically, the first coating method used in modern pharmaceuticals was 

sugar coating, introduced in the early 19th century, mainly to increase the 

palatability of bitter medicaments. It is worth noting that the process needs 

use of a coating pan requiring operator expertise and was extremely time 

consuming (up to 5 days).  The procedure was also difficult to standardize and 

lacked automation. Another disadvantage was the possibility of bacterial and 

mold growth in sugar solutions [1].  

Film coating was introduced in 1930 and the first film-coated tablet of Abbott 

Laboratories came to the market in 1954 [1]. Film coating, facilitated by 

available polymer alternatives and efficient coating equipment, 

advantageously reduced the processing time and was more precise. The 

process was more easily reproducible and could be applied to a wide range of 

pharmaceutical dosage forms with increased process automation and control 

[2]. However, film coating brought disadvantages from the use of toxic and 

flammable organic solvents; high cost of organic solvents and their recovery; 

safety hazards to coating equipment operators; and strict environmental 

regulations that resulted in the restricted application of organic solvent-based 

film coating [1, 3].  

The use of water as a solvent eliminated most of the disadvantages associated 

with solvent-based coating because it was compliant with federal hazard and 

environmental guidelines and eliminates personal exposure to organic 

solvents [4].  However, heat and a time consuming water evaporation process 

were required. Both could be remedied by a higher solid content solution, 
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nonetheless this could result in higher solution viscosity that may clog the 

spray nozzles [5].  Associated with water use were long-term stability 

problems related to the sensitivity of the drugs to residual moisture in the film 

or the underlying solid, resulting in uncertain performance of the coating 

layer. Microbial growth control was another issue with water use [3].  

The disadvantages of both water and organic solvent-based coating processes 

were mainly caused by the use of solvents, leading to the appearance of 

solventless coating processes. Solvent-free coating processes offered many 

advantages over solvent-based coatings. With hot-melt coating, one of the 

solvent-free coating technologies used from the 1980’s, the drug release was 

coating material dependent; pH or enzyme breakdown dependent or 

independent; and could be tailored by changing of drug- coating material ratio 

and coating material mixture. The process conditions, equipment and 

materials have been thoroughly reviewed in the literature [6-8]. 

The hot-melt coating method has been studied mainly for its application to 

achieve sustained release (SR) where the molten state of coating material was 

applied by spraying the molten material over the substrate (tablet, capsule, 

pellet, bead etc.) using a fluidized bed spray coater. Using a fluidized bed spray 

coater requires four processing stages including (a) equipment warming, (b) 

substrate preheating, (c) coating agent melting and spreading, (d) coating 

cooling and congealing. To prevent congealing of the coating agent within the 

spray line and at the nozzle, the coating liquid temperature could be as high as 

150o C, and steam jackets, heating atomizing air, and/or heating tapes are 

often required [7, 8].  

The spraying equipment is key to the successful implementation of hot-melt 

coating. Several kinds of spray equipment are used, such as top spray, 

conventional top spray, Wurster bottom spray and rotary tangential spray. 
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The molten liquid is supplied at low pressure and is atomized into droplets by 

pressurized air through a binary nozzle. High atomization is required to keep 

the droplets small and separated [9]. The spray rate of molten material is very 

critical for a uniform distribution of coating material and prevention of 

agglomeration.  

Hot-melt coating can be used to produce double-layer coated products. 

Serving this purpose, the melting point of two coating agents must differ by at 

least 15oC to ensure that the first coating does not melt and intermix with the 

second [10, 11]. 

So far, using fluid bed spray coating machine or granulation preparation, many 

coating materials have been studied which have a melting points between 

40oC and 100 oC and most are hydrophobic. Among the materials, saturated 

polyglycolysed glyceride (Gelucire® 50/02), which has a variety of melting 

points and Glycerol palmitostearate (Precirol® ATO5), whose melting point is 

52-55 oC have been successfully tested as materials to coat a beta blocker 

(Propanolol) and produced the extended release of the compound [12]. 

Glyceryl behenate (Compritol® 888 ATO), with melting point is 69-74 oC, has 

been used to produce controlled/sustained delivery of various drugs, which 

have been formulated in different ratios of drugs to waxes to achieve the 

delivery of drugs over a designed period of time [13-18] . Polyethylene glycols 

of various molecular weights and physical properties  such as Carbowax®[10],  

Syncrowax HGL-C,  Syncrowax (HR-C)[14] , beeswax (melting point at 62-65 

oC) [11, 14, 19, 20] , carnauba wax (melting point at 84 oC), partially 

hydrogenated castor oil (melt at 85-88 oC), partially hydrogenated cottonseed 

oil/soybean oil (melting point at 51-55 oC) and some other lipophilic 

hydrocarbons have been studied extensively with multiple approaches, 

designs and conditions while satisfying coating potentials of the hot-melt 
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coating process and inducing efficient modes of diffusion and dissolution [10, 

11, 16, 19-21].  In these studies, small pellets, granules and particles ranging 

from 100 to 2000 µm have been coated in a fluid bed following the typical 

steps of the method: equipment warm up; preheating the cores; melting and 

spreading of coating agents; and cooling and congealing of coating. The inlet 

and outlet temperatures were adjusted based on the melting points of the 

coating agents [10, 11, 19-21]. Among the waxes, Glyceryl behenate (69-740) 

(Compritol® 888 ATO) has been used most, and was used to produce 

sustained release of theophylline [15, 16], Chloroquine [17],  

chlorpheniramine maleate[14], and APAP [13].  

Using fluidized bed spray coating equipment for hot-melt coating has several 

challenges. The coating liquid temperature needs to be maintained at an 

elevated temperature during the liquid storage and spraying through the 

nozzle. The spray pattern also needs to be well controlled to avoid clogging 

and agglomeration [9, 21]. The quality of coating is easily compromised by 

poor temperature control of the molten liquid and fluidizing products. The 

resulting excessive tackiness may produce uneven coating over the substrates. 

By using this approach, only low percentages of coating material is deposited 

(4-6% [15], and drugs may be exposed to temperatures as high as 150 oC [8]. 

The direct blending method introduced in this study, provides better process 

control, allows more drug loading and material deposit, utilizes easily 

available equipment, and offers another option to make immediate release 

(IR) and sustained release (SR) dosage forms. This method was studied as 

another option to formulate a SR dosage form of water soluble drugs.  

To date, hot-melt coating by direct blending (HMC-DB) has only been studied 

in this lab [22]. The initial stage of the process   is maintaining the temperature 

of the chamber to evenly melt the wax and drug mixture. Preheated cores are 
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then poured into this wax-drug mixture with continuous blending. The 

container is removed from the heating source and is cooled to room 

temperature. Light stirring is needed until coated beads are obtained. 

In a previous study [23], a nifedipine sustained release dosage form was 

prepared by this method. Only three coating agents, stearic acid, acid 

triglyceride, and carnauba wax, were used to make single layer and double 

layer coated beads containing nifedipine.  In vitro results showed this process 

is feasible to produce zero-order release of nifedipine during dissolution 

testing. Capsules containing beads first coated with carnauba wax, and then 

stearic acid in the outer layer, yielded sustained release during dissolution 

testing.  

The current study addresses the feasibility of preparing IR and SR dosage 

forms of water soluble drugs using HMC-DB. Also investigated are effects 12 

coating agents had on drug dissolution and improvement of drug loading by 

using drug loaded pellets instead of sugar as cores.  

Acetaminophen (APAP) was chosen as a model drug. Acetaminophen is water 

soluble (1g/70ml) at 25oC [24, 25], and is largely unionized at physiologic 

range of pH, having a pKa of 9.5 at 25oC [25]. Acetaminophen is extremely 

stable in aqueous solution and at high temperatures that are less than its 

melting point of 168-172oC [24]. Therefore, the compound satisfies the entire 

requirements for a model drug for testing the hot-melt coating method.  

Acetaminophen (APAP) is a common pain reliever and pain reducer; the PKs, 

metabolism, and bioavailability of this drug is well known in adults, children, 

patients and normal subjects [26-32]. Acetaminophen absorption is negligible 

in the stomach, but is rapid and almost complete in the small intestine, 

absolute systemic availability for APAP oral forms is 70-87%[33]. Although 
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APAP is rapidly absorbed from the GI tract, it is incompletely available to the 

systemic circulation after oral administration with a variable proportion being 

lost presumably through first-pass metabolism [34-36] . Acetaminophen is 

relatively uniformly distributed throughout most body fluids and tissues, 

except fat and cerebrospinal fluid [34]. Acetaminophen PK profile following 

intravenous and oral administration is best described by a two compartment 

open model with a short half-life of 9 minutes (from 3 to 19 minutes) for the 

initial disposition  phase indicating rapid tissue distribution and a mean 

terminal elimination phase half-life with values in the range of 1.9 to 4.3 hr 

[37-39]. The minimum effective plasma APAP concentration is estimated to be 

2-5 µg/ml and when the concentration of APAP in plasma declined to as low as 

2 µg/ml post-peak concentration, there was little loss in antipyretic effect [38]. 

Peak plasma concentrations following oral dosing of 1000 mg APAP were 

reported to be 15 µg/ml in a study with six subjects [37] and 10 µg/ml in a 

study with 10 subjects[35]. 

2.3. Materials and Methods  

2.3.1. Materials 

The following chemicals were obtained from standard sources. The sources 

are indicated in the parenthesis. All chemicals were used as received. 

Acetaminophen (USP reference standard) and methanol, HPLC grade, sodium 

hydroxide, sodium chloride (Sigma- Aldrich Chemical Co. , Saint Louis MO), 

monobasic potassium phosphate (Mallinckrodt, Paris KY), stearic acid (J. T. 

Baker Chemical Co; Philisburg NJ), hydrochloric acid (EMD Chemical Inc., 

Gibbstown, NJ), Milipore ® (Billerica, MA). 
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2.3.1.1. Material for preparation of the coated beads having sugar 
cores 

Nonpareil beads (Sugar Spheres NF) of 35-40 mesh cut (420 - 500 microns) 

were gifts from Paulaur Corporation (Cranbury, NJ) and were used as a hot-

melt coating core.  

Synthetic beeswax (Syncrowax BB-4); C18-36 acid (Syncrowax AW1-C); C18-

36 acid Triglyceride (Syncrowax HGL-C pastilles); C18-36 acid Glycol Ester 

(Syncrowax ERL-C); a fatty alcohol/polysorbate mixture (Polawax), together 

with glyceryl tribehenate (Syncrowax HR-C) were kind gifts from Coroda 

(Columbus Circle Edison, NJ, USA). Carnauba wax and stearoyl 

macrogolglycerides (Gelucire 50/13) were purchased from VWR International 

(Radnor, PA). Potential hydrophobic coating waxes were selected based on 

physical properties that had been shown to alter the drug release in a 

preliminary experiment. The properties of the twelve coating agents used in 

hot-melt coating method are listed in Table 1.  
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Table 1: Waxes used in hot-melt coating process listed in order according to increasing melting points 

 Product Name Description Melting point (C) Appeara
nce 

1 Cetostearyl alcohol A mixture of fatty alcohols, consisting predominantly of 
cetyl and stearyl alcohols 

48 - 56 granules 
or flakes 

2 Polawax Blend of fatty acid alcohol and polysorbate (Cetearyl 
alcohol and polysorbate 60) 

50 - 54 white 
pastiles 

3 Stearic acid Stearic acid or 18:0 is a saturated fatty acid with the 
formal IUPAC name octadecanoic acid. 

57 - 60 granules 

4 1-Monostearin A glycerol ester of stearic acid 55 - 60 granules 

5 Syncrowax HR-C Glyceryl Tribehenate 57 - 63 white 
pastiles 

6 Syncrowax BB-4 Synthetic Beeswax 60 - 65 light 
yellow 
pastiles 

7 Stearyl alcohol A fatty alcohol prepared from stearic acid by the process of 
catalytic hydrogenation. 

56 - 62 white 
solid 
granules 
or flakes 

8 Syncrowax AW1_C C18-36 Acid 69 - 74 light 
yellow 
pastiles 

9 Syncrowax ERL-C C18-36 acid glycol ester 70 - 75 light 
yellow 

http://en.wikipedia.org/wiki/Fatty_alcohol
http://en.wikipedia.org/wiki/Cetyl
http://en.wikipedia.org/wiki/Stearyl
http://en.wikipedia.org/wiki/Fatty_acid
http://en.wikipedia.org/wiki/Glycerol
http://en.wikipedia.org/wiki/Ester
http://en.wikipedia.org/wiki/Stearic_acid
http://en.wikipedia.org/wiki/Stearic_acid
http://en.wikipedia.org/wiki/Hydrogenation
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 Product Name Description Melting point (C) Appeara
nce 

pastiles 

10 Syncrowax HGLC C18-36 acid Triglyceride, 

The acide triglyceride, syncrowax HGL-C is the hardest of 
the synthetized syncrowax range. It has high degree of 
rigidity. It has properties similar to carnauba wax. 

70 - 75 light 
yellow 
pastiles 

11 Tristearin Stearin, or tristearin, or glyceryl tristearate is a 
triglyceride, a glyceryl ester of stearic acid, derived from 
animal fats 

72 - 74 granules 

12 Carnauba wax A complex mixture of esters of acids and hydroacids,  
containing mainly esters of fatty acids (80-85%), fatty 
alcohols (10-16%), acids (3-6%) and hydrocarbons (1-
3%).Carnauba, also called Brazil wax and palm wax, is a 
wax of the leaves of the palm, Copernicia prunifera. 

81 - 86 hard 
yellow-
brown 
flakes 

 

 

 

http://en.wikipedia.org/wiki/Triglyceride
http://en.wikipedia.org/wiki/Glycerol
http://en.wikipedia.org/wiki/Ester
http://en.wikipedia.org/wiki/Stearic_acid
http://en.wikipedia.org/wiki/Fat
http://en.wikipedia.org/wiki/Ester
http://en.wikipedia.org/wiki/Fatty_acid
http://en.wikipedia.org/wiki/Fatty_alcohol
http://en.wikipedia.org/wiki/Fatty_alcohol
http://en.wikipedia.org/wiki/Hydrocarbon
http://en.wikipedia.org/wiki/Wax
http://en.wikipedia.org/wiki/Copernicia_prunifera
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2.3.1.2. Material for preparation of pellet cores 

Microcrystalline cellulose (Avicel ® PH-101, FMC Corporation, Newark, DE.). 

Hydroxypropyl methylcellulose (hypromellose 2208, HPMC, METHOCEL™ 

K100M Premium) and Surelease® (a 25% aqueous dispersion of 

ethylcellulose) were received as gift samples from Colorcon Ltd (Indianapolis, 

USA).  

2.3.2. Methods 

2.3.2.1. Hot-melt coating by direct blending method 

The following oleaginous materials were used as coating agents: Group 1: 

cetostearyl alcohol, Polawax, stearic acid, 1-monostearin, stearyl alcohol; 

Group 2: syncrowax BB-4, sycrowax AW1-C, sycrowax ERL-C; Group 3: 

sycrowax HR_C, sycrowax HGLC, tristearin, carnauba wax). The waxes are 

listed in order of increasing hardness respectively.  

A water bath was used to control the temperature throughout the study. First, 

the wax was melted at 10 - 20 oC higher than its melting point, then the drug 

and other additives, if needed, were added. The combination was mixed by 

vigorous stirring. When a homogenous mixture was attained, the preheated 

cores were added during continuous stirring. When the batch was mixed well, 

the temperature was reduced gradually while stirring continued. When room 

temperature was reached, the wax re-solidified, coating the beads with the 

drug and other excipients entrapped.  

APAP was chosen as a model drug to be coated onto the core surface. 
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Figure 1: Schematic picture of hot-melt coating by direct blending 

method. 

Temperature during all steps was closely controlled for producing the high 

quality final products. 
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2.3.2.2. Single layer coated bead: Effect of waxes on the dissolution 
kinetic of APAP  

Acetaminophen was coated onto sugar cores using each of the 12 different 

waxes W1 to W12 to study the effect of different waxes had on the dissolution 

of APAP. The formulas and diagram of the coated bead is detailed in Table 2 

and Figure 2. 

Table 2: Formula of single coating layer beads 

Formulation Wax (gram) Sugar core 

(gram) 

APAP(gram) 

W1-W12 28 100 15 

 

 

  

Figure 2: Diagram of single layer coated bead  

 

Sugar bead/pellet 

Wax /APAP 
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2.3.2.3. Double coating layer bead preparation 

Single layer coated beads were used as cores in the same process as described 

in previous section. The finished beads (Figure 3) were sieved through mesh 

size 25 to eliminate any attached beads through agglomeration and to assure 

uniformity. 

 

 

 

Figure 3: Diagram of double layer coated beads using sugar and pellet 

cores 

Multiple-layer coating of the beads could be achieved using several of the 

waxes. Coating agents in the outer layer must have a significantly lower 

melting point (at least 10 oC) than the inner coating agent to ensure that the 

inner layers remain intact during the second or third coating process. 

From the preliminary experiment which is presented in section 2.4.1, 

Formulations 1 through 6 (Table 5) were used to study the effect of drug: wax 

ratio on drug release during dissolution testing. In the single coating layer 

with carnauba wax containing drug (Table 2), increasing the amount of wax 

Pellet core containing APAP (100 g) 

Carnauba (28 g) +HPMC (2.8 g) 

HRC (28% or 37g) 

Sugar core (100 )  

Carnauba: APAP (28:30) 

Coated bead: Outer layer (HRC, HGLC, AW1, BB4) (100:28) 

Carnauba coated bead 
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did not solve the initial burst of drug release; only 100% drug release from the 

formulation was prevented. Therefore, in the dual coated beads, carnauba wax 

was chosen to be the first coating layer containing APAP (S10) and to be part 

of the drug loaded cores for dual coated bead process. BB4, HRC and HGLC 

were used as the outer coating layers with the composition as in formulations 

of Table 3. 

To minimize the initial burst of the drug release, the second coating agent for 

the outer coat did not contain drug and the formulas of dual coating layer 

beads are presented in Table 3. 

Table 3: Formulas of dual coating layer beads 

Formulation Carnauba 
wax 
(gram) 

Sugar 
core 
(gram) 

APAP 

(gram) 

HRC 

(gram) 

HGLC 

(gram) 

BB4 

(gram) 

Actual APAP 
content (%) 

D1 28  100 15 60 - - 16.18 ± 5.3 

D2 28  100 15 - 60 - 15.23 ± 4.8 

D3 28  100 15 - - 60 17.23 ± 7.5 

S10 28  100 15 - - - 19.58 ± 4.7 

 

The second layer of waxes (HRC, HGLC, and BB4) which contain no drug were 

used to coat the carnauba coated beads, using a 60: 133 (w/w) ratio ensuring 

a maximum deposit of a second wax layer. Actual percentage of APAP loaded 

in the dual coated beads was then determined.  

2.3.2.4. Weight gain level, drug loading and coating efficiency 
investigations using single layer coating method 

Carnauba wax, having the highest and sharpest melting point, makes itself the 

best candidate for the first coating layer, and was chosen to study the level 

weight gain and coating efficiency. Weight gain level was the percentage of the 

material, wax and APAP, in grams, deposited on 100grams of cores. 
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Coating efficiency, in percentage, was calculated by the weight of the coated 

beads which passed through the sieve sizes 40 and 25 (US Standard size 40 is 

420 μm and 25 is 707 μm) divided by total weight of the core, wax and APAP.  

Drug loading, in percentage, was calculated by the actual weight of APAP 

divided by theoretical APAP loaded. 

2.3.2.5. Preparation of drug loaded pellets by Extrusion-
Spheronization 

Drug loaded pellets (diameter: 710 - 1000µm, 50% APAP, 30% HRC, 10% 

Avicel, and 10% HPMC) were prepared by extrusion and spheronisation. Prior 

to pellets preparation, the mass was prepared by first melting the wax and 

followed by adding APAP, Avicel, HRC and HPMC. The elements were mixed 

until homogenous and were removed from the heat during mixing until room 

temperature of the mixture was attained. A total of 30 ml Surelease (EC) was 

used for 100 g powder blend. The wetted mixture obtained was passed 

through a cylinder extruder with an extruder screen size (holes: 1.0 mm 

diameter, 3 mm thickness, rotation speed of 30 rpm) using a Caleva Bench Top 

Extruder/Granulator, Model EXD 25 (North Brunswick, NJ 08902) to form 

extrudates. The extrudates were then subsequently spheronized at 250 rpm 

for 10 min (Spheronizer Model 120, GB Caleva, Dorset, UK) and dried in a 

fluidized bed at 40 oC for 30 min (Strea 1, Wurster, Niro Inc.; Aeromatic-

Fielder Div. Columbia, MD). The size fraction of 710 - 1000 µm was obtained 

by sieving. EC solution was used instead of water as a wetting agent to 

increase water resistance. Pellets, instead of sugar spheres, were made to be a 

core of the hot-melt coating method in order to load more drug into the dosage 

form, and to create the sustained drug release properties. 
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Table 4: Drug-loaded pellet and single/double layer coated bead 

formulas 

 P-01  P-02  P-03  P-04  

APAP (g) 60 60 60 60 

Avicel (g) 10 10 30 10 

HRC (g) 20 20 - 20 

HPMC (g) 10 10 10 10 

1st coating layer 

Carnauba (g) - 28 28 28 

HPMC (g) - 2.8 2.8 2.8 

2nd coating layer 

HRC (g) - - - 37  

Actual APAP 
content (%) 

53 ± 5.3 42.3 ± 2.3 41.5 ± 3.7 32.7 ± 2.7 

 

2.3.2.6. Drug- loading assay 

Stock solutions containing 20, 50, 100, 200, 400, 500, 600, or a 1000 μg/ml of 

APAP were prepared in distilled, deionized water. Standard curve was 

constructed by plotting the area under the chromatography peak versus APAP 

concentrations with linear relationship between the area and APAP 

concentrations (R2 of 0.99997). 

Acetaminophen HPLC assay 

An HPLC system consisting of a delivery pump (M-6000 A, Waters Associated, 

Milford, MA), automatic sample injector, 30 cm reverse phase μ-Bondapak C18 

column, variable wavelength UV detector with have length set at 254 nm. The 

mobile phase used was composed of methanol (25% v/v) in distilled water. 
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Flow rate was set at 1.4 ml/min. Ten μl of sample was injected at 0.05 AUFS 

sensitivity. Limit of detection is 50 ng/ml. 

Five hundred mg of APAP –loaded beads or pellets were first ground into fine 

powder, were transferred into 1L flasks and stirred in 900 mL of distilled 

water at 37 ±0.5 oC for 4h. Three samples were then collected, filtered by using 

Milipore® filters with a 0.23 μm pore size), diluted and 10 μl of which was 

injected into HPLC column to determine the content of APAP.  

2.3.2.7. Dissolution:  

Dissolution of pellets and beads were carried out using the USP 30 paddle 

apparatus II (automated dissolution testing system, Model VK-8000, VanKel 

Industries, Edison, NJ, USA) fitted with paddles rotated at 100 rpm; n = 6). For 

the first 2 h, 900 mL of enzyme free simulated gastric fluid has a pH of 1.2 ±0.1 

(SGF; dissolve 2.0 g sodium chloride and 7.0 mL of hydrochloric acid and 

sufficient water to make 1000 mL) was used to start the dissolution 

procedure. After that, the pellets and beads were recovered from gastric fluid 

by filtration and then placed (with the filter paper) into the vessel containing 

900 mL simulated intestinal fluid (SIF, dissolve 6.8 g of monobasic potassium 

phosphate in 250 ml of water, mix and add 77 ml of 0.2 N sodium hydroxide 

and 500 mL water, adjust the resulting solution with 0.2 N sodium hydroxide 

to a pH of 6.8 ± 0.1, dilute with water to 1000ml). Samples were collected 

through flow filters (0.70 µm), and obtained via an autosampler at 

predetermined time intervals for the 24-h dissolution study at 5 min, 15 min, 

30 min and at 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 hr without 

replacement. Assay of released drug was performed using APAP HPLC assay. 

The dissolution test on drug dosage formulations were replicated 3 times and 

the mean of drug release was calculated for each formulation. Observation of 

the impact of pH on the drug release profiles found that they were pH-
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independent by Knezevic, Gosak [13].  Therefore, most of the data in this study 

was obtained from SGF. 

2.3.2.8. Capsule filling 

Coated pellets were filled in natural transparent size 000 capsules. Each 

capsule contained 325 mg of APAP based on drug content assay of the beads. 

2.3.2.9. Drug release kinetics 

The mechanisms and kinetics of drug release were determined by fitting 

dissolution curves to the zero-order (Equation 1), Higuchi (Equation 2), and 

Korsmeyer-Peppas [40](Equation 3) model using the Curve-Fitting Toolbox of 

Matlab® (MathWorks Inc; Natick, MA, USA). Examinations of all available 

goodness-of-fit measures were performed. The adjusted coefficient of 

determination (Radj2), root mean square error (RMSE), sum of square error 

(SSE) and confidence bounds for fitted coefficients were numerical fit results. 

All of the parameters are presented in the table of fits and collectively helped 

decide which model fits the data the best. The closer the (Radj2),   value is to 1, 

the better the model described drug release patterns.  

Qt = Ko*t     (Equation 1) 

Qt =KH*t1/2  (Equation 2) 

Mt/M∞= Km*tn (Equation 3) 

Where: 

Qt= amount of drug released at time t;  

Mt/M∞= fraction of drug released at time t; 

Ko = kinetic constant for zero order 
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KH = Higuchi constant 

 t = time in hours 

In case of Korsmeyer-Peppas model (Equation 3), when system geometry is sphere: 

Mt = Amount of drug released at time‘t’ 

M∞ = Total amount of drug in dosage form 

Km = Kinetic constant 

n = Diffusion or release exponent 

t = Time in hours 

‘n’ was estimated from linear regression of log(Mt/M∞) vs. log t. For the 

determination of the n exponent, only the portions of the release profile where 

Mt/M∞ ≤ 0.6 were employed.  

If n = 0.45; indicates Fickian diffusion 

If 0.45 <n < 0.89; indicates anomalous diffusion or non-Fickian diffusion which 

refers to combination of both diffusion and erosion controlled rate release. 

If n= 0.89 and above; indicates the release mechanism is considered to be swelling-

controlled and is referred to as Case II transport [41, 42]. 

The detail of the curve fitting script can be found in Appendix 1. 

2.3.2.10. Prediction of drug plasma profiles by convolution analysis 

Plasma drug concentration-time profile after oral administration is usually the 

net effect of two simultaneous processes: (1) absorption of the drug from the 

GI tract (2) elimination of the drug from the blood. These two actions, and 
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their net effect are represented by three profiles and are shown in Figure 4 

[43]. When the absorption is faster than in vivo dissolution, in vivo absorption 

is assumed to occur at the same rate as in vitro dissolution and thus absorption 

and in vitro dissolution are used interchangeably. 

If concentration of the drug in the plasma occurs in an additive manner (i.e. 

the drug follows linear PKs and the superposition principle applies in the 

range of therapeutic dose),  a convolution procedure can be utilized to obtain 

the expected plasma concentration time profile and PK parameters based on in 

vitro dissolution data of formulations of interest if orally administered. 

 

Figure 4: Diagram representation of convolution process. 

Convolution is the process of combined effect of dissolution and elimination of 

drug in the body to reflect blood drug concentration-time profile.  

Convolution analysis allows generation of a predicted response to a known 

input (e.g; product dissolution profile) when given a known response to an 

impulse input (e.g., IV bolus). The response to the impulse is called a unit 

impulse response (UIR). The convolution object requires two data sets: the 

input profile as either a rate or cumulative amount; and a UIR profile or 
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weighting function g(t). Either profile may be entered as either a 

polyexponential function or an arbitrary set of points. A polyexponential 

function is defined by a set of up to nine pairs of coefficient (A) and exponent 

(alpha) values. The Phoenix Winnolin 6.2 (Pharsight and Tripos-Certara 

Companies, St. Louis, MO)/ Convolution tool supports analytic evaluation of 

the convolution integral:  

Y(t) =  

t

dTTXTtG
0

)()(   

 

 

Figure 5: Scheme of convolution process  

where g(t) and X(u) are constrained to be either polyexponentials or 

piecewise polynomials (splines), in any combination. Polyexponentials take 

the form: 
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where N <= 9 and     0<T <t .  

Where Y(t) is the predicted plasma concentration. In this study, cumulative 

amount of APAP release from the beads during dissolution, in percentage, was 

used as an input function X(T) and the unit impulse response G(t-T) 

(weighting function) was constrained to biexponentials and take the form: 

G(t-T) = A1*exp(-α1*t) +A2*exp(-α2*t)  

Weighting Fuction 

G(t) 

X(t) 

Input Fuction 

Y(t) 

Output Function 
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where A1, A2, α1, α2 are unit impulse response model parameters from a bolus 

intravenous injection of 1000mg APAP obtained from a study of Rawlins, 

Henderson [37]. The data of the plasma concentration of APAP time profiles 

after IV administration was well fitted by a two-term exponential equation, 

thus the value of unit impulse parameter A1, A2, α1 and α2 (Table 5) were used 

in convolution analysis: 

Table 5: PK parameters calculated after the intravenous administration 

of 1000 mg APAP (mean ± SD) [37] 

Dose 
(mg)  

Route PK parameter Values 

1000 IV A1(µg/ml) 13.8 ± 2.5 

  α1(hr-1) 2.55 ± 0.47 

A2 (µg/ml) 13.0 ± 1.0 

α2(hr-1) 0.28 ± 0.02 

 

Dissolution profiles from formulations of single, double coated beads and 

coated pellets (S10, D and P) were used as input functions to predict plasma 

profiles after 1000mg oral administrations. 
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2.4. Results 

2.4.1. Extent of weight gain, drug loading and coating efficiency 
investigations using single layer coating method 

Table 6: The extend of weight gain, drug loading and coating efficiency 

using hot-melt coating by direct blending 

Formulation APAP 
(gram)  

Carnau
ba wax 
(gram) 

Sugar 
(gram, 

mesh size 
35-40)  

Drug loading 
Efficiency 

(%)  

Coating 
Efficiency  

Weight 
gain 

level (%)  

S1 4  8  100  93 94  12  

S2 4  12  100  92  94  16  

S3 4  16  100  95 94  20  

S4 4  20  100  95  94  24  

S5 4  24  100  85  94  28  

S6 4  28  100  85  94 32  

S7 4  32  100  90 80  36  

S8 4  36  100  87  75  40  

S9 10 28 100 85 90 38 

S10 15 28 100 85 90 43 

S11 20  28  100  82 85 48  

S12 30 28  100  80 78 58  

S13 50  28  100  75  72  78  

S14 60 28 100 75 68 88 

Extent of weight gain, drug loading and coating efficiency using hot-melt 

coating by direct blending are presented in Table 5. This study began with the 

initial formula  APAP: Carnauba wax: sugar bead cores (4:8:100 in grams) and 

the amount of wax was increased from 8 to 36 grams for 100 gram-core while 



31 
 

the APAP amount was maintained at 4 grams for 100 grams of core beads 

(through S1 to S8, Table 6). 

The coating process produced acceptable coating efficiency and drug loading. 

When the amount of wax used to coat the beads was no more than 28 grams 

per 100 grams of core (28%) the coating process still maintained its ease of 

production. The coating process was more difficult and time consuming when 

the amount of wax coating deposited on the beads increased above 28% of the 

core bead weight. It was found that the maximum amount of wax that could be 

coated onto the beads should not exceed 28% of the core bead weight. This 

was demonstrated as follows. 

The extent weight gain study began with formula APAP (10 g): wax (28 g): 

sugar core (100 g) (Formulas S9 to S14, Table 6). The amount of drug was 

increased from 10 to 60 gram for 100 grams core beads (10% to 60%). 

Coating and drug loading efficiency decreased below 75% when weight gain to 

the beads was above 58%. This suggests that the extent of weight gain could 

reach 58% using hot-melt coating by direct blending for single layer coated 

beads, meaning with single layer coated sugar core beads, the drug loading 

was at most 19% of total final weight. 

2.4.2. Effect of waxes on the dissolution rate of APAP 

Time course of drug release from single layer coated bead are presented in 

Figure 6 (group 1 waxes) and in Figure 7 (wax groups 2 and 3).  

Beads coated with group 1 waxes released 80% of coated drug rapidly during 

the first hour and released 100% of loaded drug in the first two hours. 

However, stearic acid coated beads were very water repellant, causing variable 

results with the beads tending to group together, preventing 100 percent drug 

release over 24 hours as shown in Figure 6.  
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Complete drug release by the majority of the waxes was observed in first two hours. Only 
stearic acid coating layer was water repellant causing poorer release compared to other tested 
waxes. 
Key: ● =stearyl alcohol, ■=polar wax,▲=stearic acid, ♦: cetostearyl , ○=  APAP, ∆= 

monostearyl 

Figure 6: Dissolution profiles of single layer coated beads with waxes in  

group 1. 

Figure 7 shows that group 2 (Syncrowax BB-4, Sycrowax AW1-C, Sycrowax 

ERL-C) released 93% of drug over six hours while group 3 (Sycrowax HR_C, 

Sycrowax HGLC, Tristearin, Carnauba wax) released 80% of loaded drug 

slowly over six hours. Carnauba wax coated beads had the slowest drug 

release rate, releasing 40% of loaded drug over the first 4 hr in contrast to the 

others which released 50% in the same time period, Figure 8.  

An initial burst of drug release was observed in single coated beads. Drug 

release rates followed a pattern consistent with the hardness of the waxes.  

The softer the waxes, the faster the drug release. 
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Key: ○= HRC; ∆= ERLC; ●= AW; ■= Carnauba wax; ◊= BB4; ▲= Tristearin; ♦= HGLC 

Figure 7: Dissolution profiles of single layer coated beads with waxes in 

groups 2 & 3 
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Extended release from different beads was observed in early phase of drug dissolution with 
insignificant differences in the percentage of drug release among studied materials. However, 
Carnauba wax had the slowest and BB4 displays the highest rate of drug release in first 4 hr 
among studied materials. After 6 hr, the waxed coated beads show identical release rates. 
Key: ○= HRC; ∆= ERLC; ●= Tristearin; ■= Carnauba wax (S10); ◊= BB4; ▲= AW; ♦= HGLC 

Figure 8: Close-up dissolution profiles covering the first eight hours of 

single layer coated beads with waxes in groups 2 & 3.  

2.4.3. In vitro dissolution study of dual layer coated beads 

As seen in Figure 9, sugar spheres coated first with drug embedded carnauba 

wax  followed by an outer layer of one of the following materials BB4, HRC, 

and HGLC produced sustained drug release profiles compared to single coated 

beads as a control over 24 hr. The results also show that single layer coated 

beads achieved maximum of dissolution, 80% of total drug loaded amount, 

within 6 hr while extended release of a similar amount of loaded with double 

layer beads prolonged drug release for up to approximately 20 hr. Among the 
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materials used for coating the second layer, no significant difference was 

observed regarding drug dissolution over the studied period (Figure 10). 

Coating sugar spheres first with drug embedded carnauba wax followed by an 

outer layer of BB4, HRC and HGLC produced a sustained release drug profile 

without a lag time over 24 hr. In the first 4 hr, HRC coated beads showed the 

slowest drug release rate among the dual coated beads, figure 10. While 

slower drug release rate was observed with double coated beads, an initial 

burst in drug release was observed in both single and dual layer coated beads 

using sugar cores.  This is also reflected in literature on hot-melt coating [8]. 

Double coated beads did not show a significant difference in total drug release 

after 4 hr. 
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Single coated beads display a more rapid release of drug compared to double coated beads. 
Maximum release of 80% of drug loaded in single coated beads was seen after 6 hr while 
double coated beads provided a longer duration of drug release around 20 hr. 
Key: ♦= Carnauba containing APAP coated beads coated with HRC (D1); ▲= Carnauba 
containing APAP coated beads coated with BB4 (D3); ■= Carnauba containing APAP coated 
beads coated with HGLC (D2); ×= Carnauba containing APAP coated beads (S10) 

Figure 9: Dissolution profiles of dual coated beads with waxes.  
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No lag time for drug release was observed for both single and double coated drug loaded 
beads. After the first hour, beads coated with second layer of HRC, BB4 or HGLC decreased the 
rate of drug release. Single coated beads possess a higher rate of drug release compared to 
double coated beads. No significant differences were observed in drug release among double 
coated beads drug dissolution profiles (data not shown). 
Key: ♦= Carnauba containing APAP coated beads coated with HGLC (D2); ▲= Carnauba 
containing APAP coated beads coated with BB4 (D3); ■= Carnauba containing APAP coated 
beads coated with HRC (D1); ×= Carnauba containing APAP coated beads (S10). 

Figure 10: Early time span (the first 4 hr) of drug release profiles. Initial 

burst is observed in both single and dual layer coated beads using sugar 

cores. 

2.4.4. In Vitro Dissolution Study of uncoated and coated Pellets 

Drug loaded pellets were formulated (Table 3) and used as cores. Figure 11 

shows that the double coated pellet cores exhibit the slowest drug release rate 

compared to single coated and uncoated beads. As expected, the single coated 

pellets (P02) hinder the amount of drug released over time when compared to 

uncoated pellets (P01). Single layer coated pellets, P02 slowly released drug 
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over 12 hr while P03 pellets slowly released drug over a shorter time period 

(10 hr). It is noted that complete drug release was only seen with pellet cores 

(P-01) and single coated pellets without HRC in the core (P-03). Double coated 

pellets (P-04) possess near zero order extended release rate for the first 16 hr 

but released 80% of the loaded drug during the 24 hr dissolution study. 

 
Rapid and complete release of drug is seen with uncoated drug loaded pellets while extended 
release of drug was observed with the coated drug loaded pellets. Among the coated pellets, 
double coated pellets P04 gradually released 80% of loaded drug during first 16 hr.  
Key: ▲= Pellet core (P-01); ■=Single layer coated pellet core without HRC (P-03); ∆= Double 
layer coated pellet (P-04); □= Single layer coated pellet (P-02). 

Figure 11: Time course of APAP release from pellets.  

 

When comparing the pellet containing HRC (P-02) and pellets without HRC (P-

03), the pellets with HRC impeded release of drug far greater, and 100% of 

loaded drug was not completely released, suggesting that part of the loaded 

drug was trapped in HRC within the pellets. 

2.4.5. Drug release kinetics and mechanism of release 

In single and double layer coated sugar cores, water-soluble drugs such as 

APAP are expected to release primarily by diffusion-controlled processes and 
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drug release rates decrease over time.  In cases of using drug loaded pellets as 

cores in the hot-melt coating, coating erosion will contribute to the mechanism 

of drug release and drug release rates may remain nominantly constant 

throughout the period of drug delivery. 

Mathematical models including zero-order, Higuchi, and Korsmeyer-Peppas 

models are useful when attempting to elucidate and comprehend the 

mechanism of drug release from matrix formulations and their application is 

well studied [40, 44, 45]. 

The in vitro data of formulations S10, D1, P02, P03 and P04 were fitted to the 

zero order, Higuchi and Korsmeyer-Peppas equation by linear regression 

analysis. Estimated rate constants with corresponding 95% confidence 

intervals are presented in Table 7, and in Figures 12, 13 and 14. 
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Table 7: Estimated release rate constants with corresponding 95% confident intervals, and determination 

coefficients for release profiles for formulation S10, D1, P02, P03, P04. 

Model Parameter S10 

(0-6 hr) 

D1 

(0-24 hr) 

P02 

(0-12 hr)  

P03 

(0-8 hr) 

P04 

(0-16 hr) 

Zero Order R2 0.9804 NA 0.9745 0.9431 0.9881 

 K 0.408 NA 23.22 22.55 18.18 

 K (95%CI)  0.3418; 0.4743 NA 19.75; 
26.69 

18.31; 26.8 16.84; 19.51 

Higuchi R2 0.9336 0.98 0.7795 0.9065 0.7550 

 K 1.007 56.26 50.93 74.64 50.68 

 K (95%CI)  0.8919;1.122 54.03;58.
48 

38.56, 63.3 66.03;83.24 39.21;62.15 

Korsmeyer-Peppas release 
exponent (n) 

R2 0.9920 0.9825 0.9809 0.9328 0.9809 

 n 0.7157 0.5505 1.084 0.9236 1.445 

Release mechanism  Alomalous 
transport 

Alomalou
s 
transport 

Case-II 
transport 

Case-II 
transport 

Case-II 
transport 

 n (95% CI)  0.6227; 0.8087 0.4886; 
0.6125 

0.8696; 
1.299 

0.5067; 
1.34 

1.186; 1.703 
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(a) Open circles represent observed data, the red line is the fitted Kormeyer-Peppas curve to 
single coated beads with carnauba containing APAP (S10). The solid blue lines around the red 
line represent 95% confidence interval of the fitted curves. (b)Open circles represent 
observed data, the blue line is the fitted Kormeyer-Peppas curve to double coated beads first 
with carnauba then followed by HRC wax containing APAP layer (D1). The solid red lines 
around the blue line represent 95% confidence interval of the fitted curves. 

Figure 12: Kormeyer-Peppas equation fitted to the drug release data of 

S10 (a) and D1(b). 

 

The same drug release mechanism of Anomalous transport (Erosion- and 

Fickian diffusion) was exhibited in single (S10) and double (D1) layer coated 

beads. However, double coated beads (D1) drug release pattern was better 

explained by the Higuchi model compared to single coated beads, suggesting  

Fickian diffusion contributes more to drug release mechanism from double 

coated beads (Table 6). When Kormeyer –Peppas equation was fitted to both 

of these formulations, exponent n was closer to 0.45 (0.55) in the D1 

formulation compared to that of S10 (n= 0.7157), supporting Fickian diffusion 

is dominant in the drug release mechanism of D1. 
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Open circles represent observed data, the blue line is the fitted curve. The solid red lines 
around the blue line represent 95% confidence interval of the fitted curves.  

Figure 13: Zero order (a) and Kormeyer-Peppas equations (b) fitted to 

the drug release data of P02.  

 

 

Figure 14: Zero order equation fitted to the drug release data of P03 (a) 

and P04 (b)   

 

Results in Table 6 shows that Case-II transport coated pellets (P02, P03, P04) 

was a better fit to the drug release profile. When n = 0.45, the mechanism of 

release is considered to be governed by Fickian diffusion (Case-I transport), 

when n > 0.89, the release mechanism indicate a swelling-controlled drug 

release, the mass transfer of drug from the matrix is considered to be 

controlled by hydration and swelling process of the polymer within the matrix. 

The dissolution profiles also exhibited that zero-order drug release model was 

the dominant mechanism during 8, 12 and 16 hr for formulations P02, P03 and 
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P04 (figures 14 and 15, respectively). However, the parameters obtained when 

P04 was fitted to zero order drug release was superior to those obtained from 

P02 and P03 over the period of the dissolution study. 

2.4.6. Convolution analysis 

 

Key:  ◊= carnauba containing APAP coated beads coated with HRC (D2); o: single coated bead 
by carnauba wax (S10) 

Figure 15: Predicted Plasma Concentration Time Profiles Obtained by 

Convolution Analysis using the Dissolution Data obtained from S10 and 

D2 beads.  

 

The predicted plasma concentration time profiles obtained from formulations 

which are single coated beads with carnauba wax (S10) and double coated 

beads first with carnauba wax layer containing APAP followed by HRC (D2) 

are presented in Figure 15. With the an initial burst of drug release from single 

coated beads revealed in the dissolution study, the plasma concentration time 

profile showed a rapid rise and reached the maximum concentration of 5.8 
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μg/ml before decreasing to 1 μg/ml 10 hr after  oral administration of a 1000 

mg APAP dosing. The pattern of drug release seen from the dissolution study 

presents the plasma concentration time profile after oral administration of an 

immediate release product. In contrast, drug concentrations versus time 

simulated using drug release from the dissolution study of double coated 

beads were essentially above 1μg/ml until 16 hr after dosing. This results 

suggest that with a  limited drug loading capacity onto sugar cores, a single 

layer coated bead offers another choice to produce an immediate release 

formulation while a sustained release of a water soluble drug product utilize 

the option of double coated beads first with carnauba wax and followed by 

HRC to achieve its effect. 
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Key:    0= Pellet core (P-01); ◊ =Single layer coated pellet core without HR_C (P-03); ∆= Double 
layer coated pellet (P-04); x= Single layer coated pellet (P-02). 

Figure 16: Predicted Plasma Profiles Obtained by Convolution Analysis of 

the Dissolution Data obtained from P beads 

 

As expected, the predicted plasma concentrations obtained using dissolution 

data from the pellet cores (P-01) rapidly reached a maximum concentration of 

12μg/ml immediately after dosing of 1000mg APAP orally and then decreased 

rapidly. When comparing the drug concentration obtained  by simulation 

using dissolution data from single coated pellets with and without HRC in the 

pellet cores (P-02 and P03, respectively), HRC incorporated within pellet core 

combined with an outside coating layer of carnauba wax resulted in sustained 

drug concentrations above 1μg/ml longer. Double coated pellets (P04) 

resulted in drug concentrations above 1μg/ml longer but lower in value 

compared to single coated pellets (P02). Double coated pellets produced a 

near zero order extended release of drug during the first 16 hr of dissolution 

showed sustained plasma concentration above 1μg/ml until 18 hr after oral 

administration of 1000mg APAP (Figure 16). 
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2.5. Discussion 

Hypotheses for drug release kinetics were made for all beads in this study. In 

the beads with a single layer coating containing the drug, the diffusion process 

began once the beads contacted the water with the entire drug on the bead 

surface area being dissolved rapidly. Dissolution continued and established 

diffusion paths within the wax layer. The diffusion path helped water contact 

APAP deeper in the wax layer. The dissolution process continued until all the 

drug was dissolved and leached out through the coating layer. With harder 

waxes of Group 2, having a higher melting point, just 80% of the drug was 

released due to water being less readily able to penetrate to the very inner 

layers of the coating.   

For double coated layer beads, the assumption was that the outer coating layer 

contains no drug, but water still diffused through the wax layer to come into 

contact with the drug nested in the inner wax layer. The initial burst of drug 

release was still seen because water still enters through this porous layer. 

Therefore, the outer-layer coating helps to only slightly slow down the drug 

release rate.  More time is needed for water to penetrate the beads and initiate 

drug dissolution and diffusion processes within the beads. Using a sugar core 

coated with a single or double coating of wax produces an immediate burst 

release of drug followed by either rapid drug release (single coated beads) or 

prolonged release of drug (up to 6 hr with double coated beads) that may or 

may not be optimal, but it offers another choice for producing an immediate 

release dosage form.  

Drug loaded pellets made to be the cores for hot-melt coating method instead 

of sugar spheres, in order to load more drug in the dosage form, should create 

sustained drug release dosage forms. The hypothesis is that part of the drug 

should be trapped within the wax. HPMC was included as the water-soluble 
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polymer and would hydrate swelling and eroding when it comes in contact 

with water. Methocel K100M was used, which has a high molecular weight and 

is a high viscosity grade of HPMC. It was expected to swell and seal all the 

pores within the wax to increase resistance to water penetration compared to 

other grades of HPMC and result in helping the entrapment of drug in the wax 

domain, thereby hindering drug diffusion from the coated pellets. HRC was the 

waxy binder to form the pellets along with Avicel, which also helped in ease of 

pellet formation. When coated pellets first contacted water, HPMC hydrates, 

swelling and filling the wax pores, making the outer coating more water 

resistant. The only way for water to penetrate the beads would be by eroding 

the HPMC to form drug diffusion paths within the wax. Swelling and erosion 

would continue until reaching the core when full initiation of the dissolution 

process occurs. Again, HPMC and EC are water resistant factors in the core, 

therefore, provide a barrier to drug diffusion helping to slow down drug 

dissolution and diffusion processes with the consequent decrease in the initial 

drug burst release. The entire process slows down the drug release rate and 

provides the sustained drug release. 

This method has the ability to break any agglomeration of beads in case of the 

occurrence of the presence of extra wax, eliminating the tackiness during 

spray coating, as occurs in the fluid bed method. A smooth spherical substrate 

is obtained, a desirable result, without the difficulty of controlling the 

temperature of  liquid during atomization, or of the fluidizing product, and 

without the strict temperature control that must be maintained during spray 

coating of the product at the temperature that must be as close as possible to 

the congealing temperature of the coating material. Moreover, this method is 

less prone to the wax or beads adhering to machine wall surfaces due to a 

more active coating process. This method also effectively avoids the 
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momentary local overwetting and possible agglomeration by vigorously 

stirring and is a more open process.  

 While it is possible to blend two different materials to alter release properties 

and melting point without affecting the coating application process 

substantially, two or three layers of coating can be processed with this 

method. Therefore, it is possible that a much larger amount of substrate (wax 

and drug) can be deposited on the surface of the cores.  In other words, this 

new method allows larger weight gain (up to 50%) with a more easily 

controlled coating process. 

2.6. Conclusion 

Hot-melt coating by direct blending is a simplified, easy and convenient 

process compared to classic hot-melt methods. The described method could 

potentially be applied to prepare immediate or slow release dosage forms of 

drug using beads or pellets as cores. With current drug loading processes the 

amount and loading effectiveness is best for the drugs which require low 

dosage for therapeutic purposes. The benefit of this technique is that using 

pellet-containing-drug cores offers higher dosage and slower release 

formulations that can be achieved. Despite certain advantages, such as high 

amount of drug loading and loading effectiveness, this technique retains some 

limitations related to the use of high temperature during coating. Therefore, 

only drugs which can tolerate high temperature can be the candidates. 

As has been shown in this study, various of waxes have resulted in different 

capacities in terms of drug release when coated onto sugar cores and pellet-

beads. Future directions include the analysis and the possibilities of mixing 

waxes so that the best combination of the materials for a specific drug can be 

identified in the context of controlling the phases of drug release. Coating the 

cores with different layers, all containing drug, can also be done to tailor drug 
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release profiles, which could serve a wide range of requests in pharmaceutical 

formulation. 
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3. PK modeling and Monte Carlo simulations in the context of additional 
criteria for bioequivalence assessments 

3.1. Abstract 

There are concerns that current regulatory criteria are not sufficient when 

evaluating bioequivalence (BE) for many modified-release (MR) products, and 

additional metrics for BE assessment of the products should be applied to 

ensure therapeutic equivalence. This study was to investigate 1) the 

probability of the bioequivalence between MR test  and reference products 2) 

the rates of false positive and true negative of the BE test; and 3) estimation of 

the sample size in pivotal BE studies; all of which when partial area under the 

curves (pAUCs) were applied as additional BE criteria. 

Based on the basis of looking at the effect of absorption rate (Ka), lag time 

(Tlag) and elimination rate (Ke) values on pAUCs, reference data of two MR 

forms of methylphenydate HCl were simulated and obtained from literature 

(formulation Q and Metadate CD, respectively). Monte Carlo simulations were 

performed to simulate the test drug concentration time profiles and BE 

assessment was carried out utilizing the mean (method 1) and individual 

concentration time curves (method 2). 

For formulation Q, adding pAUC0-Tmax to current BE criteria reduced the 

possibility of passing BE from approximately 98% to 85%, with a true negative 

rate of 5%. The earlier the time point determined for pAUC before Tmax, the 

lower the chance of passing BE for the test product. The possibility of passing 

BE varied and depended on the coefficient of variations (CV) of Tlag, Ka and Ke 

which most affected the earlier segments of the drug concentration profile 

curves. Similar drug concentration time profiles between the test and 

reference was recommended to ensure bioequivalence with reasonable 
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subject sample size. A similar scenario was seen when Metadate CD was used 

as the reference product. 

PK M&S can help provide appropriate additional metrics to assure the BE test 

is a better tool ensuring therapeutic equivalence for MR products with little 

negative impact to generic manufacturers. Prediction can also be made about 

the required sample size and the chances of passing BE with any addition to 

the conventional three criteria (AUCinf, AUClast and Cmax) for the test product. 
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TABLE OF ABBREVIATIONS AND DEFINITIONS OF TERMS 

AIC Akaike information criterion 

AUC 

AUC0-Tmax 

The area under the plasma concentration versus time 
curve 

The area under the plasma concentration versus time 
curve, from time 0 to Tmax,median,LD measurable 
concentration 

AUClast 

 

AUCinf 

The area under the plasma concentration versus time 
curve, from time 0 to the last measurable 
concentration 
 
The area under the plasma concentration versus time 
curve, from time 0 to infinity 
 

AUCTmax-last The area under the plasma concentration versus time 
curve, from time of the maximum measured plasma 
concentration to the last measurable concentration 

AUC5-last The area under the plasma concentration versus time 
curve, from 5 hr after the drug administration to the 
last measurable concentration time point 

BE bioequivalence 

CV Coefficient of variation 

LD listed drug 

PK pharmacokinetic 

Ke First order elimination rate constant 

SD Standard deviation 

Tlag lag-time; time from administration to first 
quantifiable concentration 

Tmax Time of the maximum measured plasma 
concentration. If the maximum value occurs at more 
than 1 time point, Tmax is defined as the first time 
point with this value. In this study, Tmax,median,LD = 
Tmax= 5 hr, 6 hr for Q and Metadate CD, respectively. 
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3.2. Introduction 

During the drug development process and even after a drug is marketed, 

changes in the manufacturing or formulation of a product may occur. The 

differences can be the results of using different excipients to increase product 

stability, a different salt form of the drug to increase drug solubility, changes in 

the shapes or colors of the product for marketing reasons, and produced by a 

manufacturer other than the innovator of the drugs in cases of generic 

products.  

The US Food and Drug Administration (FDA) requires that a new modified 

product or identical generic product be regarded as bioequivalent (BE) to an 

already approved reference drug.   After meeting the average bioequivalence 

(BE) criteria, it is considered to be interchangeable with its comparable 

reference drug in efficacy and safety (therapeutic equivalency). A BE study is 

usually conducted to demonstrate that the performance of two products are 

not significantly different from each other. This study can also dissect the 

factors that constitute or create a ‘significant’ difference in the way the 

products perform.  

In general, the assessment of BE for different products is based on the 

fundamental assumption of similar bioavailability (BA), defined by equivalent 

rate and extent of the active ingredient absorbed and penetrated to the sites 

where the drug action is needed. When two drugs are equivalent in 

bioavailability, it is assumed that they will be therapeutically equivalent [46, 

47]. 

When two formulations are compared, they are usually denoted as the test (T) 

and reference (R) products. The reference product is the original marketed 

formulation, and the test product is the new formulation to be compared with 

the reference. An in vivo BE study is generally conducted by giving the T and R 
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products to study participants, usually healthy volunteers, in a crossover or 

parallel study. After drug administration, concentration-time profiles in 

accessible fluids (e.g. blood, plasma, urine, saliva) are generated. The extent of 

drug absorption in the body , measured by area under the curve (AUC) and the 

maximum concentration (Cmax), used to compare rates of absorbtion, are the 

PK or bioavailability measures obtained and statistically analyzed to assess 

whether the T and R products yield comparable outcomes [48].  

Following the FDA Guidelines, the statistical analysis of comparison of MR 

products should be based on the non-compartmental PK parameters, which 

are 1) AUClast (AUC from time 0 to last measurable time point), 2) AUCinf (AUC 

from time 0 to infinity) and 3) Cmax (maximum concentration derived from the 

drug concentration –time curve). Once these 3 common BE criteria are within 

acceptable limits, the absence of a significant difference in the rate and extent 

of the active ingredient available at the site of drug action is concluded [49].  

Recently researchers and regulatory agencies have raised a great concern that 

conventional criteria for the acceptance of BE do not always reflect 

therapeutic equivalence of some types of drugs formulated to be modified 

release (MR) products [50, 51].  

MR products are those dosage forms designed to have controlled release of 

drug over time while achieving efficacy and safety targets. In addition to the 

delayed and/or prolonged release characteristics, newer oral MR products 

also exhibit pulsatile-release, chrono-release or targeted delivery (e.g., colonic 

delivery). They offer convenient objectives that may provide advantages over 

the conventional products such as solution or immediate release (IR) dosage 

forms. Some MR products are comprised of both immediate and extended 

release components [51] which provide rapid onset of action (rapid rate of 
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rise in plasma drug level post dose) and impart longer duration of effect and 

reduce tolerance such as has been observed with IR MPH [52]. 

Recently the FDA has recognized that traditional measures (e.g., Cmax, Tmax,  

and Cmax/AUC) are limited in their ability to assess the rate of absorption for 

orally administered products, particularly for MR forms [53]. The agency has 

recommended a change in focus from these direct and indirect measures of 

absorption rate (e.g., Cmax, Tmax, Ka) to the measurements of systemic exposure, 

which are based on the assessment of plasma concentrations over time. 

Exposure measurements include early exposure (several early pAUCs), peak 

exposure (Cmax, Tmax), and total exposure (AUClast and AUCinf). For orally 

administered IR products, measures of peak and total exposure may be 

sufficient. However, in the situation of MR products in which clinical safety 

and/or efficacy trials or PK-PD studies indicate that better control of drug 

absorption may be warranted, a new parameter may be needed. Early 

exposure, commonly defined as the AUCs from time 0 to a time prior to or up to 

Tmax, may be a helpful measure. In general, these changes have arisen from 

discussions regarding the inadequacy of Cmax and Tmax as measures of 

absorption rate, and that currently approved BE products may not provide 

similar therapeutic responses [51, 54]. 

The FDA has brought up several drugs in which MR products showed 

significantly variable therapeutic response even though these MR products are 

bioequivalent on the basis of conventional BE criteria. Some examples where 

rapid onset is of clinical importance include methylphenidate HCl (MPH) 

Sustained Release/Extended Release Drug Products and Zolpidem tartrate 

Extended Release Drug Product [51, 54]. An osmotically active nifedipine MR 

product is an example where duration of effect is important for clinical safety 

and efficacy; in other words, BE in later pAUCs is of important for generic 
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products [55]. Approved MR products of MPH include Concerta® (Oros), 

Metadate CD®, Metadate SR/ER®, Ritalin® LA and Ritalin® SR, and Focalin® XR. 

The dosing regimen and duration of efficacy varies among different 

formulations and each product is efficacious in it’s own right. Evaluation of 

multi-source products of each of these brand MR products must prove 

therapeutic equivalence to assure switchability with their respective reference 

listed drug products (brand). Evaluation of early exposure from the plasma 

drug concentration profile (pAUC) is important for onset of action comparison. 

Standard metrics of AUC and Cmax may not ensure bioequivalence because they 

do not detect important PK and PD differences in certain products. This may 

be demonstrated with a MPH extended release formulation approved by FDA. 

Without ensuring bioequivalence, two products may not be assumed to be 

therapeutically equivalent and, therefore, clinically interchangeable. Extended 

release formulations of MPH have produced evidence a strong relationship 

between plasma drug concentration and pharmacologic effect. Additional 

metrics should be used for certain products to ensure bioequivalence and, 

therefore, therapeutic equivalence. The metric, pAUC, helps elucidate 

differences in the PK and PD profiles of extended release formulations of MPH 

[51, 54]. 

In light of these concerns, the purpose of this study was to analyze two cases of 

MR products of MPH  in order to elucidate the rationale, benefits and scientific 

issues of applying pAUCs along with a set of three common BE criteria (AUCinf, 

AUClast, Cmax). The objectives were 1) to assess the probability of passing BE 

criteria, and 2) to assess the rates of false positive and true negative values 

when one or more pAUCs were applied as additional BE criteria. These 

objectives would guide the application of using pAUCs as additional BE 

criteria.  The programming can be applied to any MR products in which pAUCs 

are identified as clinically important. Since early pAUCs consistently exhibit 
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significantly high within-subject variability, it is essential to statistically 

demonstrate BE in a study using a reasonable number of subjects. Therefore, 

one more objective of this study was to provide a programming code for 

sponsors to calculate the number of subjects needed in pivotal BE studies 

when any new criteria are added.  
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3.2.1. MPH  therapeutic equivalence and therapy 

Attention deficit hyperactivity disorders (ADHD) is the most commonly 

diagnosed behavioral disorder of childhood, and affects about 3 - 5% of school 

aged children. The syndrome is characterized with inattentiveness, over-

activity, impulsivity, or a combination of the problems [56]. MPH was 

developed for clinical therapy in the late of 1950s and is widely used for the 

treatment of ADHD in children, adolescents and adults [56, 57] . MPH is in a 

class of medications referred to as central nervous system stimulants. 

Currently, the compound is available as an immediate-release tablet, a 

chewable tablet, a solution, an intermediate-acting (extended-release) tablet, a 

long-acting (extended-release) capsule, and a long-acting (extended-release) 

tablet. Treatment with MPH may improve symptoms of ADHD in about 75% of 

patients, and response rates of up to 90% can be achieved by switching 

unresponsive patients to other stimulants [58]. 

The common product used is an immediate release form of MPH for early 

stage therapy. It has short duration of effect (approximately 3-4 hr) with peak 

plasma concentrations and optimum behavioral effects being achieved 

approximately 1.5 hour after administration. Its pharmacodynamics (PD) 

matches well with the established time course for clinical effects (PD 

characteristics of rapid onset and short duration of action) [57, 59]. Because of 

its short half- life, the medication requires patients to take 2 to 3 doses during 

a day, particularly during school/work day, to maintain the effective 

concentration for controlling ADHD symptoms. This causes fluctuations in 

drug concentration and tiresomeness daily routines [60].  The first dose of the 

day needs to be taken in early morning and the last dose should be taken 

before 6:00 pm, so that the medication will not cause difficulty in falling asleep 

or staying asleep [61, 62]. Besides the above disadvantages, using multiple 

doses of IR forms of MPH is also a reason of non-adherence to the treatment 
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by the users, due to stigma of use and medication diversion that causes a 

poorer quality of life [58, 59, 63].  

 

Extended-release (ER) products have been developed and shown similar or 

better efficacy compared to immediate-release dosage forms in controlling 

ADHD symptoms in adolescents as well as children [61, 64]. They have been 

approved by the FDA and introduced to the market providing several 

advantages including elimination of multiple daily plasma fluctuations in 

concentration of the compound,  and a reduction in the abuse potential 

without the requirement of repeat doses during the school/work day [60, 65, 

66]. In addition to convenience in usage, long-acting MPH improves response 

in subjects who are less responsive to instant-release forms of MPH, and 

enhances treatment adherence as compared to short-acting MPH [58, 59, 61, 

67]. A common MR formulation of a MPH product normally comprise both IR 

and ER components in which a certain percentage of the dose is provided by 

the IR portion and the remaining dose is provided by the ER portion of the 

dosage form [59, 68]. The clinical responses to MR formulations of MPH are 

related to the PK profile of the drugs, which involves an initial rapid rise in the 

plasma concentrations of the drug for clinical effectiveness followed by a 

lower peak but maintaining plasma concentrations for an extended period of 

drug due to the extended release [60]. For this dosage form, the ADHD 

symptoms relate directly to the plasma concentrations of MPH in which the 

peak plasma concentration is needed in the early morning creating a rapid 

desired effect within a short time after dosing and a controlled release of the 

compound to maintain the effectiveness during the remaining dosage period.  

This phenomenon suggests that a test product should reflect the properties of 

the reference product in order to be considered bioequivalent. Without 

ensuring bioequivalence, two products may not be assumed to be 
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therapeutically equivalent and, therefore, clinically interchangeable. In this 

connection, data analysis from various dosage forms of MPH products have 

shown that approved products, which are significantly different in plasma 

concentration curves as compared to references, satisfied the conventional 

standards (AUCs and Cmax) and may be considered bioequivalent by the FDA 

while lacking important PK and PD information from clinical trials of the test 

products, therefore not supporting the thesis of therapeutic equivalence [50, 

68-70], suggesting the need of further analyses and comparison regarding 

drug concentration profiles in relation to BE and therapeutic equivalence.  

The differences in Tmax may result in incomparable responses. As examples, 

delay in Tmax can lead to lack of efficacy and rapidly raising concentrations can 

lead to acute adverse events. The fact that most MR formulations of MPH 

products are comprised of IR and ER forms results in complex release 

characteristics and shapes of the plasma concentrations over time [50, 68, 71].  

Therefore, measuring the differences in early absorption profiles of test and 

reference products is important and clinically relevant. Sponsors will need to 

determine their selections of the BE metrics to establish essential BE between 

reference and test products. Quantifying the false positive and true negative 

rates will then become the values of interest for both the regulatory agency 

and sponsors in assessing BE.  

In turn, the set metrics can truly identify the differences between test and 

reference products (for example, BE data analysis can show that the test is 

10% different from reference in bioavailability and/or rate of absorption). 

Using the simulated (Formulation Q) and published data (Metadate CD) of 

MPH as reference products to develop and use PK models and further using 

simulation to create virtual data of test products, one can determine the 

probability of meeting 80-125% values of BE metrics independently such as 
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AUCinf, Cmax, and AUClast, etc and appropriate pAUCs or any other potential 

metrics, which the sponsors deem to be relevant. The scientific rationales and 

pharmaceutical implications regarding these issues will be discussed.  

 

3.3. Materials and Methods 

Two MR formulations, formulation Q and Metadate CD, of MPH  (MPH), were 

used as references in this study. MPH individual plasma concentration data of 

formulation Q was simulated on the basis of looking at the effect of lag time 

and absorption rate values on pAUCs. Varying the values of these parameters 

leads to variable probability of passing BE when early pAUCs are used. Data of 

Metadate CD were obtained from published literature and simulated in this 

study. Optimized PK models were built for reference products, and Monte 

Carlo simulations were then performed to simulate drug concentration time 

profiles of the test products. Next, BE tests were performed between simulated 

test products and reference, Q or Metadate CD, using different early pAUCs 

added to the three common BE criteria (AUCinf, AUClast and Cmax). The 

probability that the test product would be considered bioequivalent to the 

reference was then determined. The following pAUCs were evaluated 

independently: AUC0-1, AUC0-2, AUC0-3, AUC0-4, AUC0-5 when formulation Q was 

used as reference; and AUC0-1, AUC0-1.5, AUC0-3, AUC0-4, AUC0-6 when Metadate 

CD was used as reference. Those pAUC were chosen depending on the 

sampling time points of the clinical studies and of the pivotal BE studies. AUC0-

5 means the area under the plasma concentration versus time curve from time 

0 to 5 hr post dosing, 4 is 4hr, 3 is 3 hr, 2 is 2hr and 1 is 1hr post dosing. 
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3.3.1. Materials 

Reference product 1: Labeled as “Q”. Data of MPH used in this study was 

simulated regarding a single-dose drug concentration time profile of 

extended-release  MPH oral formulation administered as 60mg to 24 subjects 

and samples were taken over 36 hr. A 2-compartment open PK model with a 

lag time was based on reported data from FDA approval package for Focalin 

XR (Dexmethylphenidate Hydrochloride) Extended Release Capsules [72] and 

arbitrarily chosen to simulate individual drug concentration time curves of 24 

subjects. For this reference product, two methods of analyses were used; mean 

concentration time curve and individual drug concentration time curve of Q 

(section 1.3) 

Reference product 2: Labeled as “Metadate CD”. The bioavailability and mean 

concentration-time curve of a single dose under fasted condition of an 

extended-release MPH formulation (20 mg capsule,  Metadate CD) given to 36 

adults  was  obtained from published data  and used in this study [68] (Table 

8).  The mean drug concentrations for Metadate CD from 14 hr to 24 hr after 

administration were calculated using the half-life value (t1/2 =6.24 hr). Mean 

PK parameters obtained from PK modeling (Section 7.2.3) of this mean data 

were used to simulate individual drug concentration time profiles of Metadate 

CD as reference. These curves were used in the bioequivalence study using 

individual drug concentration time profiles (method 2, section 7.2.2). 

3.3.1.1. Drug Substance 

Chemical Name:  Methyl α-phenyl-2-piperidineacetate hydrochloride 

(MPH) 

CAS Number: 298-59-9 
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Chemical Structure: 

 
 

Elemental Formula: C14H19N02·HCl 

Molecular Weight: 269.77 

Appearance:  White powder 

Solubility:  Soluble in water and alcohol 

Table 8: MPH PK parameter and plasma concentrations following the 

administration of one 20mg Metadate capsule (n=35) [68] 

 

 

3.3.2. Methods 

3.3.2.1. Monte Carlo Simulation of  drug concentration time profiles 
of test products 

In simulations of the test drug concentration time profiles, the following 

assumptions were. 

Time (hr) Concentration (ng/mL) 

(mean ± SD) 

1 2.48 (1.19) 

1.5 3.11 (1.02) 

3 3.14 (0.89) 

4 3.17 (0.90) 

6 3.40 (0.84) 

8 2.35 (0.77) 

10 1.53 (0.58) 

12 1.17 (0.46) 

t1/2 (h): 6.24 (1.32) 
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In the specific case of formulation Q, formulation differences causing 

variability was observed in the initial part of the drug profile shapes. Varying 

Ka and Tlag values were expected to contribute to a greater extent to the 

variability of the early pAUCs. Therefore, Ka and Tlag were deemed the most 

significant factors affecting the early pAUCs. Simulations of the test products 

compared to reference Q were performed by using different combinations of 

Ka and Tlag. 

Using Metadate CD as reference, its comparable test products were anticipated 

to differ in Ka and Ke values, since intra-subject variability is generally greater 

during the absorptive phases of most oral drug products [52]. Differences in 

IR/ER ratio cause slight variance in Ke values between the test and reference 

products. This variance was attributed to the fact that the virtual test product 

has an intra-subject standard deviation of ≤ 5%. Various combinations of Ka 

and Ke values were used to simulate drug concentration time profiles of the 

test products compared to reference Metadate CD.  

The Monte Carlo simulation, a numerical simulation based on finite-size 

systems uses a random number generator to produce the PK parameters used 

simulate the behavior of a system. In this study, a two-compartment open 

model with and without a lag time (equations 7 and 8 section 7.2.3  ) were 

systems; Ka with Tlag and Ka with Ke values were randomly generated and used 

to create drug concentration profiles for the virtual test product.  

In the BE crossover studies which separates the intra-subject and inter-subject 

variability, variance of the formulation is nested in the subject since each 

subject consumes both the test and reference products.  Therefore, if PK 

parameter values of the test product are different from that of the reference 

product, this result must be due to formulation factors in a BE crossover study. 
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Intra-subject variability of Ka with and without Tlag along with variation in Ke 

values associated with their statistical distributions were used in the 

simulation of the data for the test products in this study. 

Two approaches of simulation were performed. The first one used mean drug 

concentration time profiles of the test products compared to that of reference 

Q (method 1, section 1.3) Programming scripts were written using MATLAB 

software (version 7.8.0, MathWorks, Natick, MA) for Monte Carlo Simulation of 

the mean drug concentration time profiles for the simulated test products. 

Using the Shapiro-Wilk test, the distribution of Ka and Tlag were investigated.  

Ka values were generated from a log- normal distribution (mean of 0.47 h-1, 

intra-subject standard deviation of 0.13 h-1) and Tlag values were generated 

from a normal distribution (mean of 0.45 hour, intra-subject standard 

deviation of 0.15 hour). Other PK parameter values utilized to perform Monte 

Carlo simulations were kept constant using mean values (Table 12). For the 

reference product, the mean concentration-time profile was generated by 

using mean values of PK parameters (Table 12). PK parameters obtained from 

the PK modeling step were imported into Matlab where random function 

(rand) was used to randomly select PK values (Ka, Tlag) which were associated 

to their distribution, and integration function of AUC (int) was utilized to 

calculate AUCs. The bounds for each PK parameter were set in accordance 

with the MPH PK modeling results (Tables 11 and 12).  

For the second simulation approach, individual test drug concentration time 

profiles were simulated and compared to those of references, Q and Metadate 

CD (method 2, section 7.2.1). For a test product, each subject's predetermined 

Ka, Tlag and Ke values were used in combination with one value of intra-subject 

standard deviation. A similar application was used for every other test product 

in which a test product differed from others in intra-subject standard 
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deviation values (SD) while sharing individual Ka, Tlag and Ke values. Several 

ranges of intra-subject standard deviation were investigated for Ka and Tlag 

and 1000 test products were simulated in each range. CV values were then 

calculated based on actual standard deviation values. This principal concept of 

simulation is explained below and is illustrated in Table 9. 



71 
 

Table 9: Procedure of simulating the drug concentration time profiles from individual Ka and Tlag values 

for test products using Q as a reference. 

Subject Q (Reference) Test 1 

 

Test 2 … Test 1000 

1 Ka1, Tlag1 Ka1 with SDKa1 

and 

Tlag1 with SDTlag1 

Ka1 with SDKa2 

and 

Tlag1with SDTlag2 

 Ka1 with SDKa1000 

and 

Tlag1with SDTlag1000 

2 Ka2, Tlag2 Ka2 with SDKa1 

and 

Tlag2 with SD Tlag1 

Ka2 with SDKa2 

and 

Tlag2 with SDTlag2 

 Ka2 with SDKa1000 

and 

Tlag2 with SDTlag1000 

…      

24 Ka24, Tlag24 Ka24 with SDKa1 

and 

Tlag24 with SDTlag1 

Ka24 with SDKa2 

and 

Tlag24 with SDTlag2 

 Ka24 with SDKa1000 

and 

Tlag24 with SDTlag1000 
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Viewing Table 9, each subject receiving formulation Q had its own Ka and Tlag 

values (column 2, Table 9). Each test product was randomly assigned different 

intra-subject standard deviation values to Ka and Tlag (column 3, Table 9).  

Drug concentrations for each subject in the test products was simulated using 

Ka and Tlag values derived from corresponding subjects obtained from 

administration of Q combined with given intra-subject standard deviations of 

Ka and Tlag. A thousand test products were thus generated using 1000 different 

Ka and Tlag combinations. 

A similar procedure was done for test products using Metadate CD as 

reference. In this method, 1,000 groups of 24 or 36 individual drug 

concentration profiles of the test products for formulation Q and Metadate CD, 

respectively, were simulated. Coding scripts are available upon request. 

3.3.2.2. Bioequivalence study comparing Test and Reference drug 
concentration time  profiles 

Two methods were used to perform BE test between test and reference drug 

profiles. The first method was performed by comparing the mean drug 

concentration time curve of the tests to that of the reference, using 

formulation Q as the reference.  

Each of the 10,000 simulated test product curves was tested against this 

reference curve using the three traditional BE criteria, Cmax, AUClast and AUCinf. 

Based on 10,000 virtual test products, the number of the test products which 

passed BE using Cmax, AUClast, AUCinf was calculated as the probability of the 

test product passing BE when using the three conventional BE criteria. Next, 

the number of the test products which passed BE using 4 criteria (the prior 3 

plus one of the following AUC0-1, AUC0-2, AUC0-3, AUC0-4, AUC0-5, AUC5-36) was 
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calculated. BE was concluded only if the test/reference ratios for AUCs and Cmax 

fell within the limits of 80-120%. 

The second method was performed by simulating 1000 2-way crossover BE 

studies between the test and reference products using Q and Metadate CD as 

references. For the test products, individual drug concentration time profiles 

were simulated as described above. One thousand two-way crossover BE case 

studies therefore were simulated and analyzed. Neither period nor sequence 

effect was in the assumptions for those simulated BE study cases. Geometric 

mean ratios (GMR) of test/reference for Cmax and AUCs from each BE study 

were obtained by using Equation 4. The equation for calculating a geometric 

mean ratio for the parameter Cmax was as follows [46]: 

Equation 4 

Geometric mean ratio for Cmax = exp(DiffCmax)  

Where  

DiffCmax= 
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The same procedure was used to calculate geometric mean ratios for pAUCs, 

AUClast and AUCinf. BE was concluded if 90% confidence interval (CI) of 

geometric mean ratios fell within the limits of 80-125%.   

3.3.2.3. PK Modeling and Simulation 

The computation, simulation and modeling were performed by means of 

Phoenix WinNonlin Version 6.2 (Pharsight and Tripos-Certara Companies, St. 

Louis, MO). 
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PK Modeling and Simulation for Metadate CD 

Data for time point from 14 hr to 24 hr were obtained by extrapolation using 

the first order of elimination rate constant in Table 8 to establish the mean 

curve of drug concentration time profile for Metadate CD (Table 10 and Figure 

17). 

Table 10: Mean MPH concentration time profile of Metadate CD: 

Time (hr) MPH Concentration 
(ng/mL) 

0 0 

1 2.48 

1.5 3.11 

3 3.14 

4 3.17 

6 3.40 

8 2.35 

10 1.53 

12 1.17 

14 0.94 

16 0.75 

18 0.6 

20 0.48 

22 0.39 

24 0.31 
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Figure 17: MPH mean concentration time profile of Metadate CD (linear 

and log-linear scales). Graphs were generated from published data [68] 

A 2-compartment open model consisting of plasma and peripheral 

compartments (first-order absorption, micro-constants of first-order 

processes for all transfers of MPH between compartments, first-order 

elimination) was chosen the best fit to the data based on residual analysis, 

predicted mean variance, AIC and the correlation  matrix. 
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.  

Figure 18: Scheme of a two compartment open PK Model 

Figure 18 describes PK scheme associated with PK of equations 5-9. 

The model is described by the following system of ordinary differential 

equations: 

dXa/dt = -Ka*Xa     Equation 5 

dX1/dt = Xa*Ka+X2*K21-X1*(K12+Ke)   Equation 6 

dX2/dt = X1*K12-X2*K21     Equation 7 

 

where Xa, X1, X2 are the nanogram amounts of drug in the gut, the central 

(plasma) and the peripheral compartments, respectively.  

Ka (hr-1) is the absorption rate constant; Ke (hr-1) is the elimination rate 

constant from the central compartment; K12, K21 are the between-

compartment transfer rate constants (all in hr-1). The other PK parameters are 

the volumes of distribution (V): 

C1 = X1/V1                                                                         Equation 8 

C2 = X2/V2                                                                         Equation 9 

 

A 
Plasma/ C1, V1 

1 

Peripheral/ C2, V2 

2 

K12 K21 

Ka Ke 
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C1, C2 are the MPH concentration (ng/mL) in the central compartment and the 

peripheral compartment, respectively. V1, V2 represent volume in the central 

compartment and peripheral compartment in mL, respectively. F is the 

fraction of dose absorbed. In extravascular models, the fraction of dose 

absorbed cannot be estimated separately. Therefore, V1/F was estimated 

together in PK modeling. Dpo is the administered dose orally. 

Equation 10 expresses the 2-compartment open model with a lag time 

included: 
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Equation 11 expresses the 2-compartment open model without a lag time: 
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Where  and  are defined below: 
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The MPH mean concentration profile of Metadate CD was best described by a 

two compartment open model without a lag time and first order absorption, 

transfer and elimination rate constant (Equation 8). MPH PK fitting results are 

presented in Figure 19. 
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Observed data (empty circles) and predicted data (blue lines) were presented in linear (left) 
and log-linear (right) scale. 

Figure 19: MPH mean concentration time profile of Metadate CD fitted to 

a two compartment open without a lag time PK model. 

The mean PK parameters obtained from the PK model which best described the 

mean MPH concentration time profile of Metadate CD (Table 11) were used to 

simulate individual PK parameters for a virtual group of 36 subjects 

administered Metadate CD (Appendix 3). From these individual PK 

parameters, individual drug concentration time profiles of a virtual group of 

36 subjects using Metadate CD as reference were simulated (Appendix 4). 

Similar approaches were applied to obtain individual PK data for formulation 

Q. 
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Table 11: Summary Statistics of Metadate (MPH PK Parameters Fitted to 

2-Compartment Open Model without Tlag) 

 Ka (h-1) Ke (h-1) K12 (h-1) K21 (h-1) V1/F (mL) 

Mean 0.6116 0.1398 0.02496 0.08819 3512 

SD 0.25227 0.0655 0.0382 0.3418 1082 

CV (%) 41.247 46.8676 153.089 387.569 30.8 

 

PK Modeling and Simulation for Formulation Q 

The concentration-time data of 24 subjects, who were orally administered a 

single dose of Q formulation, 60 mg MPH under fasted conditions was 

simulated.  A 2-compartment open model with lag time and based on reported 

mean PK values for MPH (Focalin XR- extended release capsules) [72], chosen 

and PK data presented in Table 12.  Mean drug concentration time curve of 

formulation Q was then obtained and is presented in Figure 20.  

Table 12: Summary Statistics of MPH PK Parameters Fitted to 

2-Compartment Open Model with a Tlag included. 

Parameter Ka (hr-1) Ke (hr-1) K12  
(hr-1) 

K21  
(hr-1) 

Tlag (hr) V1/F (mL) 

Mean 0.47 0.13 0.045 0.13 0.45 2600 

Inter 
subject SD  

0.20 0.055 0.03 0.08 0.17 770 

Min 0.24 0.08 0 0 0.05 800 

Max 0.85 0.28 0.1 0.31 0.8 4000 

PK parameters were used in Monte Carlo Simulations  for virtual test product 

Intra 
subject SD 

0.13    0.15  

Intra 
subject CV 

28%    33.3%  
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Errors bars depict inter-subject standard deviation of plasma concentrations at a particular 
time point (n = 24 subjects). 

Figure 20: Mean of MPH plasma concentration-time profiles of 

formulation Q.  

 

3.3.2.4. Intra-Subject Variability of Ka, Tlag and Ke 

Assessment of Intra-Subject Variability of Ka and Tlag for formulation Q 

Method 1 used actual intra subject standard deviations (SD) of Ka and Tlag 

which are chosen as 13% and 15%. Intra- subject coefficients of variation (CV) 

of Ka and Tlag for the pivotal Test product were also calculated as 28% and 

33.3%, respectively (Table 12).  

Intra-subject coefficient of variation of PK parameters used  

Method 2 compared individual drug profiles using Q and Metadate CD as 

references. Differences between virtual test products and Q or Metadate CD 

were investigated using intra-subject SD and CV. In case of Q as a reference, 

SDs were investigated from 0% to 50% for Ka and Tlag. In case of Metadate CD 

as a reference, SD of Ka was studied from 0-50% along with SD of elimination 

rate (Ke), varying from 0% to 5%.  
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3.3.2.5. Assessment of False-Positive and True-Negative Rates 

To quantify the false-positive and true-negative rates, the null hypothesis (Ho) 

and alternative hypothesis (Ha) were set as followed: 

Ho: Test and Reference Products were Bioequivalent 

Ha: Test and Reference Products were NOT Bioequivalent 

The false positive rate was the probability of rejecting the null hypothesis 

when the null hypothesis is true (Type 1 error). In statistical hypothesis 

testing, this fraction was given the Greek letter α.  

The true negative rate was the correct outcome expected from the probability 

of failing to reject the null hypothesis when the null hypothesis is true. The 

true negative rate was equal to 1 – α.  

Ho was set in Tables 13-15 that all the Test products had passed BE limit when 

the set of 3 common criteria was applied. When a new set of BE criteria was 

applied which included additional BE criteria, false positive and true negative 

rates of that corresponding BE test were calculated and presented in Tables 

16-18. 

3.3.2.6. Sample size calculation for BE trials 

Evaluation of early exposure from the plasma concentration time profile (early 

pAUC) will be important for modified drug-release products. There is a need to 

evaluate carefully the intra subject variance associated with this parameter. 

Knowing intra-subject variability and GMR of the test/ref for any BE criteria 

allows prediction of the number of subjects needed beforehand for pivotal BE 

studies.  



82 
 

Sample size calculation required to satisfy the limits of the test;  the following 

set of two null hypotheses were set: 

H01: μT/μR ≤ 0.8; 

H02: μT/μR≥ 1.25 

Where μT and μR are the expected biovailabilities for the test and reference 

formulation (AUClast, AUCinf, Cmax and pAUCs) and the  rejection of both null 

hypotheses at α=5% level implies that two formulations are bioequivalent. A 

power of 1- β is required to reject these hypotheses when they are false. 

Equivalently, these null hypotheses can be tested using a 90% two sided 

confidence interval. Sample size calculation was performed using equation as 

follows: 

N (θ) ≥ 2[t(α,2n-2) +t(β, 2n-2)]2* )

)(*10020

(

R

RT

CV



 


 

Where N(θ) is the sample size required to achieve 1-β power at α level of 

significance for interval hypothesis when ±20 rule is used;  θ= μT/ μR ; CV is 

intra-subject coefficient of variation (CV) of the untransformed data where:  

CV= (σ2 is intra subject variance of the log-transformed 

data, equation 5.4.10 [73]). The Matlab programing script in this study was 

written for this purpose and will be provided upon request. 

 

%100*]1)exp( 2 
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3.4. Results 

3.4.1. Monte Carlo Simulation for the probabilities of passing BE when 
comparing the means of drug concentration profiles 

 

 

Figure 21: 10,000 MPH Concentration Time Profiles Generated from 

Monte Carlo Simulations 

 

Ten thousand mean drug concentration profiles were generated by Monte 

Carlo simulations. Figure 21 shows the blue area where all the possible drug 

concentration profiles generated from a log-normal distribution of Ka and 

normal distribution of Tlag occurred. The mean concentration-time profile was 

generated using mean values of PK parameters obtained from the PK modeling 

process and is shown in magenta. It was observed that the virtual test product 

has one of its generated drug concentration time profile curves with a 

different absorption rate and lag time compared to the reference in the range 

of intra-subject variability of those PK parameters. 
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Figure 22:  Shifts of Cmax by Monte Carlo Simulations 

 

When the test product has a different absorption rate and a lag time, Cmax will 

be shifted concomitantly with changes of Tmax compared to those of reference. 

Figure 22 illustrates how Cmax varies or shifts depending on the Ka and Tlag 

values randomly selected for the Monte Carlo simulations. At the extremes are 

the fastest and slowest MPH absorption rates of MPH of the set of 

concentration-time profiles which define the boundaries of the 10,000 

concentration-time profiles generated (blue area). The mean concentration-

time profile was generated using mean values of PK parameters obtained from 

the PK modeling process, shown in magenta. 
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Figure 23:  Presentation of Early time Onset of Concentration-Time 

Profiles in the combination of Random Ka and Tlag  

 

Figure 23 depicts an up close view of the early part of the concentration-time 

curve where different Ka and Tlag combinations were randomly selected for 

Monte Carlo simulations. Lag time values (Tlag) as seen in Figure 23 were 

randomly selected from its normal distribution (mean of 0.45 hr and intra 

subject standard deviation of 0.15 hr) in a range of 0.05 hr to 0.8 hr. The 

absorption rate constant (Ka) of the virtual test product was also randomly 

selected from its log-normal distribution (mean of 0.47 hr-1 and intra-subject 

standard deviation of 0.13 hr-1). The random combination Tlag and Ka revealed 

potential deviation of the virtual test product compared to the reference 

regarding early pAUC.   The mean concentration-time profile (reference mean 

curve) was generated using mean values of PK parameters obtained from the 

PK modeling process, shown in magenta. 
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Figure 24: Concentration-Time Curves (yellow) that passed 3 primary BE 

metrics (AUClast, AUCinf, and Cmax) 

The possibility of the test product to pass the 3 BE metrics (AUClast, AUCinf, and 

Cmax) was calculated. Figure 24 displays the concentration-time curves 

(yellow) that passed the 3 primary BE metrics. Even though the potential 

deviation of the early part of AUC is shown in Figure 24, out of 10,000 

generated curves, 9,860 concentration-time profiles qualified mas falling 

within BE limits (80-120%) for Cmax, AUClast and AUCinf. This result confirmed 

that drug X, known as low intra-subject variability drug, would have little 

difficulty to pass BE if the three primary BE metrics are applied with a sample 

size of 24 subjects in the 2-way BE crossover study. The mean concentration-

time profile (mean curve of the reference) was generated using mean values of 

PK parameters obtained from the PK modeling process, shown in green. 
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Figure 25: Concentration-time curves (red) that passed using 4 BE 
metrics  

(AUC5-last, AUClast, AUCinf, and Cmax); Tmax = Tmax, median, LD = 5 hr) 
 

Since the late exposure is commonly defined as pAUC from Tmax to Tlast. The 

median Tmax of the reference (formulation Q) was found to be 5 hr. It is 

beneficial to know whether the difference in Ka and Tlag due to formulation 

factors results in a significant deviation between the test and the reference in 

term of the late exposure. Therefore, AUC5-last was added into the set of BE 

metrics to calculate the probability of passing BE for the virtual test product. 

Figure 25 displays the concentration-time curves (red) that passed the set of 4 

BE metrics (AUC5-last, AUClast, AUCinf, and Cmax). Out of 9,860 that met the 3 

primary BE metrics, all 9,860 (100%) concentration-time curves passed BE 

when these 4 BE metrics where evaluated together. This result suggests that if 

the test product has low intra-subject variability (CV<30%) in lag time and 

absorption rate compared to the reference, the formulation factors would not 

affect the chance of passing BE when adding pAUC from Tmax to Tlast. These 

results demonstrate that all the concentration-time curves which passed the 

BE criteria when using the set of 3 primary PK parameters also will pass the 
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BE criteria when AUC5-last was added to the set of 3 BE parameters (red curves 

in Figure 25). 

The mean concentration-time profile (mean curve of the reference) was 

generated using mean values of PK parameters obtained from the PK modeling 

process, shown in white. 

 

Figure 26: Concentration-time Curves (white) that passed 5 BE metrics 

(AUC0-5, AUC5-last, AUClast, AUCinf, and Cmax). Tmax = Tmax, median, LD = 5 hr) 

 

The probability of passing BE for AUC from 0 to Tmax was investigated. AUC0-5 

was therefore added to the set of 4 metrics (AUC5-last, AUClast, AUCinf, and Cmax). 

Figure 26 displays the concentration-time curves (green area) that passed 5 

BE metrics (AUC0-5, AUC5-last, AUClast, AUCinf, and Cmax). Out of 9,860 that met 

the 4 BE metrics, 9,272 (94.03%) concentration-time curves passed BE when 

these 5 BE metrics were evaluated together. This result suggested that if AUC0-

Tmax is also included in the BE evaluation, the test product have 6% of not 

passing BE compared to its probability when it is tested against set of common 

3 BE criteria. Because the virtual test product has low variation in the rate of 

absorption and lag time, AUC0-5 would not be too difficult to fall within the 
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range of 80-120% compared to that of the reference product, which was 

expected. This result also confirms that among the early pAUCs, the area under 

the curve from zero to Tmax was least affected by the rate of absorption and lag 

time.  When AUC0-5 was added to the set of BE criteria, the virtual test products 

just reduce the chances of being bioequivalent to the reference by 6%. The 

mean concentration-time profile (mean curve of reference product) was 

generated using mean values of PK parameters obtained from the PK modeling 

process, shown in magenta. 

 

(AUC0-4, AUC5-last, AUClast, AUCinf, and Cmax). Tmax = Tmax, median, LD = 5 hr) 

Figure 27: Concentration-time Curves (Magenta) that passed 5 BE 

metrics when AUC0-4 is added.  

 

Similarly, probabilities for the virtual test products, which were analyzed with 

pAUC0-4 added to the typical BE metrics that fall within the 80-120% BE limits 

were calculated. Figure 27 displays the concentration-time curves (magenta 

area) that passed 4 BE metrics (AUC5-last, AUClast, AUCinf, and Cmax) plus AUC0-4. 

Out of 9,860 that met the 4 BE metrics, 8,000 (81.14%) concentration-time 

curves passed BE when these 5 BE metrics were evaluated together. This 
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result suggests that, when the test product is tested against the additional BE 

criteria of AUC0-4 there will be a 19% less chance for the product to be 

bioequivalent to the reference. The mean concentration-time profile (mean 

curve of the reference) was generated using mean values of PK parameters 

obtained from the PK modeling process, shown in white. 

 

 

 

(AUC0-3, AUC5-last, AUClast, AUCinf, and Cmax). Tmax = Tmax, median, LD = 5 hr) 

Figure 28: Concentration-time curves (cyan) that passed 5 BE metrics 

when AUC0-3 was added 

 

The virtual test product was tested against the AUC from 0 to 3 hr in addition 

to the set of 4 BE metrics. Figure 28 displays the concentration-time curves 

(cyan area) that passed 4 BE metrics (AUC5-last, AUClast, AUCinf, and Cmax) plus 

AUC0-3. Out of 9,860 that met the 4 BE metrics, 5,818 (59%) of the 

concentration-time curves passed BE when these 5 BE metrics were evaluated 

together. There will be a lower chance (60%) for the test products to be 

claimed bioequivalence if an additional early pAUC from 0 to 3 hr is used. 



91 
 

Results show that when AUC0-3 is applied, deviations in absorption rate and lag 

time of the test products compared to the reference have a significant effect on 

earlier pAUCs. The mean concentration-time profile was generated (mean 

curve of the reference) using mean values of PK parameters obtained from the 

PK modeling process, shown in pink. 

 

Figure 29: Concentration-time curves (white) that passed 5 BE metrics 

when AUC0-2 was added (AUC0-2, AUC5-last, AUClast, AUCinf, and Cmax) 

Figure 29 displays the concentration-time curves (white area) that passed 4 

BE metrics (AUC5-last, AUClast, AUCinf, and Cmax) plus AUC0-2. Out of 9,860 that 

met the 4 BE metrics, 2,998 (30.4%) of concentration-time curves passed BE 

when these 5 BE metrics were evaluated together. This result suggests that 

there will be a 30% chance for the test product to be bioequivalent if AUC0-2 is 

added to the set of BE. In other words, if pAUC0-2 is applied, even though a 

product has low intra-subject variability like MPH, the chances become less to 

ensure AUC0-2 of the test will fall within 80-120% limit compared to that of the 

reference. The mean concentration-time profile was generated (mean curve of 
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the reference) using mean values of PK parameters obtained from the PK 

modeling process, shown in black. 

 

Figure 30: Concentration-time Curves (white) that passed 5 BE metrics 

(AUC0-1, AUC5-last, AUClast, AUCinf, and Cmax) 

Figure 30 displays the concentration-time curves (red area) that passed 4 BE 

metrics (AUC5-last, AUClast, AUCinf, and Cmax) plus AUC0-1. Out of 9,860 that met 

the 4 BE metrics, only 444 (4.5%) of the concentration-time curves passed BE 

when these 5 BE metrics were evaluated together. This result confirms that 

absorption rate and Tlag have the strongest effect on the earliest pAUC. This 

phenomenon is expected since Tlag values are in the range of 0.05 to 0.80 hour 

suggesting it is very difficult for the test products to pass BE metrics when 

pAUC0-1 is added. The mean concentration-time profile was generated using 

mean values of PK parameters obtained from the PK modeling process, shown 

in white. 

From the Monte Carlo simulations, the probabilities of meeting 80 – 125% 

bioequivalence criteria, based on a number of different combinations of PK 

parameters, are summarized in Table 13. 
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Table 13: Probability of meeting 80 – 125% BE criteria when different 

additional criteria were applied. 

Combination of PK Parameters Probability of Meeting 80 – 125% 
BE Criteria 

Cmax, AUClast, and AUCinf  98.6% 

Cmax, AUClast, and AUCinf held constant 

Cmax, AUClast, and AUCinf and AUC5-last 100% 

Cmax, AUClast, and AUCinf, AUC5-last, and AUC0-5 94.03% 

Cmax, AUClast, and AUCinf, AUC5-last, and AUC0-4 81.14% 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-3 58.82% 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-2 30.43% 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-1 4.46% 

 

 

3.4.2. Monte Carlo Simulation for the probabilities of passing BE when 
comparing Test and Reference drug profiles using geometric mean 
ratios. 
 

3.4.2.1. Formulation Q: investigation of the effect of KaCV and TlagCV 
on the probabilities of passing BE when additional BE criteria were 
added  

For this study, different values of KaCV and TlagCV were investigated in terms 

of affecting the probability of passing BE when different sets of BE criteria are 

used for the test product versus the reference product. 

This study looked at the situation when the test product is carefully 

formulated with its drug concentration very close to the reference product 

(low variation, CV<30%) and at how much additional pAUCs as BE criteria 

affect the probability of passing BE. Also, this study considered what happens 

when the test product differs significantly from the reference (CV>30%). 
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Figure 31 presents probabilities of passing BE with different values of TlagCV 

and KaCV when the test product is tested against common 3 BE. At a range 

from 5% to 65% for KaCV and T lagCV less than 40%, the probability of passing 

BE is close to 100%. The probabilities decrease as KaCV increase above 22.5%, 

and dramatically decrease when KaCV are over 31%. When KaCV is 31%, the 

probability of passing BE is as low as 22%. Results also show that KaCV plays a 

significant role to BE assessment, while TlagCV has little or no effect on the 

probability when 3 common criteria are used. 
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The X axis and Y shows the range of different values of KaCV, TlagCV associated with different ranges of intra-subject standard deviations 
of Ka and Tlag, respectively. The color darkens from yellow to blue as the probability decreases. 

Figure 31: Probability of passing set of 3 BE metrics (AUClast, AUCinf, and Cmax).  
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The X axis and Y shows the range of different values of KaCV, TlagCV associated with different ranges of intra-subject standard deviations 
of Ka and Tlag, respectively. The color darkens from yellow to blue as the probability decreases. 

Figure 32: Probability of passing set of 4 BE metrics (AUCTmax-last, AUClast, AUCinf, and Cmax).  
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Figure 32 shows a probability of 90-100% passing BE when a Tlag CV is in a range from 5% to 40% concomitantly 

with a KaCV less than 22.5%. The opportunities of passing BE when AUC from 5 to Tlast is added to the set of 3 is 

close to that of the BE test when the set of 3 is used. TlagCV show little or no effect on the later duration of drug 

exposure (late AUC). For Reference Q, Tmax, median= 5 hr, thus this result also confirmed that there is 

around100% probability of passing BE in case when late exposure is applied (AUCTmax-last). In other word, all the 

concentration-time curves passing the BE criteria from the set of the 3 primary PK parameters also passed the BE 

criteria when AUC5-last is added to the set for BE assessment. 
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The X axis and Y shows the range of different values of KaCV, TlagCV associated with different ranges of intra-subject standard deviations 
of Ka and Tlag, respectively. The color darkens from yellow to blue as the probability decreases. 

Figure 33: Probability of passing set of 5BE metrics (AUC0-Tmax, AUCTmax-last, AUClast, AUCinf, and Cmax).  
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Figure 33 shows a probability of passing BE when AUC from 0 to Tmax is added 

to the set of 4 BE criteria (AUClast, AUCinf, Cmax, AUCTmax-last). There is 98-100% 

passing BE when a KaCV is in a range from 5% to 19% concomitantly with a 

TlagCV less than 45%. The opportunities of passing BE decrease as Ka CV 

increase beyond 19% (79%) and continue to decrease when TlagCV is above 

40% (61%). If Ka is highly variable (KaCV>32.5%), the chances of passing BE 

reduce to 23.7% and markedly less (13.6%) if TlagCV becomes greater than 

40%. Even in the case of a TlagCV value is close to 0, KaCV lowers the 

probabilities dramatically (≤5%) at values higher than 36.5%. 

Probability of passing a set of 4 BE metrics when different ranges of different 

values of KaCV, TlagCV are applied for the test product (AUCTmax-last, AUClast, 

AUCinf, and Cmax) plus AUC0-1, AUC0-2, AUC0-3 and AUC0-4 separately, are 

presented in Figure 34 (a, b, c, d). The same pattern results of continuing 

decrease in probabilities of being BE when AUC0-4, AUC0-3, AUC0-2, AUC0-1 is 

added to the set of conventional BE metrics respectively instead of AUC0-5. 

Only extremely low opportunities of passing BE occurs when relatively low 

values of KaCV and TlagCV concomitantly exist if AUC0-1 is applied.  

The vertical bar on the right of Figure 34 from a through d shows the 

colorimetric scale of probabilities of passing BE with different values of TlagCV 

and KaCV when additional BE criteria are added, ranging from 0%(blue) up to 

100% (brown). Numeric values are available upon request. 
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The X and Y axis show the range of different values of KaCV, TlagCV associated with different 
ranges of intra-subject standard deviations of Ka and Tlag, respectively. 

Figure 34:  Probability of passing set of 4BE metrics (AUC0-Tmax, AUCTmax-

last, AUClast, AUCinf, and Cmax) plus AUC0-1 (a), AUC0-2 (b), AUC0-3 (c), AUC0-

4(d).  

 

Table 14 presents the summary of passing BE when different pAUCs are added 

to current metrics with actual values of KaCV (28%) and TlagCV (33.3%), the 

same values used in method 1. 
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Table 14: Probability of meeting 80 – 125% BE criteria when different 

additional criteria are applied (KaCV= 28% and TlagCV= 33.3%). 

Combination of PK Parameters Probability of Meeting 80 – 125% BE 
Criteria 

Cmax, AUClast, and AUCinf 97.5% 

Cmax, AUClast, and AUCinf held constant 

Cmax, AUClast, and AUCinf and AUC5-last 100% 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-5 94% 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-4 80.1% 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-3 62% 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-2 30.4% 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-1 5.4% 

 

Table 14 shows probabilities obtained from method 2 reflect method 1 results 

(Table 13).  

 

3.4.2.2. Metadate CD: investigation of the Effect of Ka and Ke intra-
subject variability on the probability of passing BE when additional 
BE criteria are applied 
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The X axis and Y shows the range of different values of KaCV, KeCV associated with different ranges of intra-subject standard deviations 
of Ka and Ke, respectively. The color darkens from yellow to blue as the probability decreases. 

Figure 35: Probability of passing set of 3BE metrics (AUClast, AUCinf, and Cmax).  
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Figure 35 shows the probabilities for the test product’s bioequivalence when a 

set of 3 common criteria (AUClast, AUCinf, and Cmax) is used with different values 

of Ka and Ke intra- subject CV. At a range from 2% to 12.5% of KeCV and KaCV 

less than 30%, the probabilities of passing BE are close to 100%. The 

probabilities decrease as KeCV increase above 19%, and markedly decrease 

when KeCV is over 24%. When KeCV is 25% and KaCV increases to 34%, the 

probability of passing BE becomes as low as 65%. 
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The X axis and Y shows the range of different values of KaCV, KeCV associated with different ranges of intra-subject standard deviations 
of Ka and Ke, respectively. The color darkens from yellow to blue as the probability decreases. 

Figure 36: Probability of passing set of 4BE metrics (AUCTmax-last, AUClast, AUCinf, and Cmax).  
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Figure 36 shows the probabilities for the test product’s bioequivalence when 

AUC from Tmax-last is added to a set of 3 common criteria (AUClast, AUCinf, and 

Cmax) with different values of Ka and Ke intra- subject CV. With low KeCV values 

(<12.5%), the chances to pass BE are high (100%) when the test product’s 

KaCV are less than 33%. When KeCV increased from 12.5% to 19% and KaCV 

values are less than 34%, the probabilities gradually decrease from 100% 

toward to 48%. They further decrease with KaCV is greater than 34%. When 

KeCV increased from 19% to 24%, together with constant values of KaCV<34%, 

the probabilities of the test product of passing BE decreased from 100% to 

20%. Results also show that KeCV plays a significant role while KaCV has little 

or no effect to BE assessment when a set of common 3 BE criteria is used. Even 

though, in this study, intra-subject standard deviations of Ke is less than 5%, 

but because the Ke value is small, any change made to it would make a large CV 

(25%) compared to that of KaCV when intra-subject standard deviation is 

studied up to 50%.  

It is observed that there is almost 100% chances of passing AUC6-Tmax for the 

number of the simulated test products which already passed the set of 3 

metrics when KeCV less than 12.5%.
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The X axis and Y shows the range of different values of KaCV, KeCV associated with different ranges of intra-subject standard deviations 
of Ka and Ke, respectively. The color darkens from yellow to blue as the probability decreases. 

Figure 37: Probability of passing set of 5BE metrics (AUC0-Tmax, AUCTmax-last, AUClast, AUCinf, and Cmax).  
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Figure 37 shows the decrease probability of passing BE when AUC0-6 (median 

Tmax value of Metadate CD is 6 hr) is added to the set of 4 BE metrics (AUCTmax-

last, AUClast, AUCinf, and Cmax) compared to using a set of 4 over the range values 

of KaCV and KeCV. It is noticed that when the test product KeCV is above 21%, 

probability of being BE is as low as 36.5% even with little difference occurring 

in Ka values between the test and the reference. KaCV has more effect when the 

test KaCV is above 33% and when AUC0-Tmax is used compared to set of 4. The 

probability drops from 93% to 53% if KaCV is above 33% and when TlagCV is 

less than 8%.  

Figure 38 shows probability of passing a set of 5 BE metrics when different 

values of KeCV and KaCV are applied for the test product. AUC0-1(e), AUC0-1.5 (f), 

AUC0-3(g) and AUC0-4 (h) are added separately to the set of 4 BE. 

The same pattern of continuing decrease in BE probabilities when AUC0-4, 

AUC0-2, AUC0-1.5, AUC0-1 is respectively added to the set of 4 BE metrics 

(AUCTmax-last, AUCinf, AUClast and Cmax) instead of AUC0-6. Only extremely low 

opportunities of passing BE exist when relatively low values of KeCV and KaCV 

concomitantly exist if AUC0-1 is applied.  

The vertical bar on the right of Figures 38 ( from e through g) shows the 

colorimetric scale of probabilities of passing BE with different values of KeCV 

and KaCV when additional BE criteria were added, ranging from 0%(blue) up 

to 100% (brown). 

Table 15 presents the summary of passing BE when different pAUC values are 

applied to current metrics inn a setting of fair values of KeCV(set at 10% and 

20%),  and KaCV 30%, respectively).  
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Figure 38: Probability of passing the set of 4BE metrics (AUC0-Tmax, 

AUCTmax-last, AUClast, AUCinf, and Cmax) plus AUC0-1(e), AUC0-1.5(f), 

AUC0-3(g), AUC0-4(h). 

The X and Y axis show the range of different values of KeCV, KaCV associated with different 
ranges of intra-subject standard deviations of Ke and Ka, respectively. The vertical bar on the 
right of Figures from e through g shows the colorimetric scale of probabilities of passing BE 
with different values of KeCV and KaCV when additional BE criteria were added, ranging from 
0%(blue) up to 100% (brown). 
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Table 15:  Probability of meeting 80 – 125% BE criteria when different 

additional criteria are added; KeCV and KaCV were set at 30% and 20% 

respectively 

Combination of PK Parameters Probability of Meeting 
80 – 125% BE Criteria 

KeCV and KaCV were set 
at 20% and 30% 
respectively 

Probability of Meeting 80 – 
125% BE Criteria 

KeCV and KaCV were set at 
10% and 30% respectively 

Cmax, AUClast, and AUCinf  93.76% 99.8% 

Cmax, AUClast, and AUCinf held constant 

Cmax, AUClast , AUCinf, and AUC6-last 62.43% 100% 

Cmax, AUClast, AUCinf, AUC6-last, and 
AUC0-6 

100% 100% 

Cmax, AUClast, AUCinf, AUC6-last, and 
AUC0-4 

55.49% 88.87% 

Cmax, AUClast, AUCinf, AUC6-last, and 
AUC0-3 

36.26% 72.84% 

Cmax, AUClast, AUCinf, AUC6-last, and 
AUC0-1.5 

5.33% 60.22% 

Cmax, AUClast, AUCinf, AUC6-last, and 
AUC0-1 

2.27% 55.11% 

3.4.2.3. Assessment of false-positive and true-negativerRates  

False-positive and true-negative rates for formulation Q when comparing 
mean drug concentration versus time profiles of the test andrReference 

The probability of meeting 80 – 125% bioequivalence criteria based on a 

number of different BE metrics ranged from 4.5% to 100% for a test product 

that has Ka and TlagCV values of 28% and 33.3%, respectively. The false-

positive and true-negative rates established from the Monte Carlo simulated 

concentration-time curves and the combination of PK parameters are 

presented in Table 16. 
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Table 16: False-positive and true-negative rates for formulation Q when 

various additional metrics were added. 

Combination of PK Parameters 

Probability of 
Meeting  
80 – 125% BE 
Criteria 

False-
Positive 
Rate (α) 

True-
Negative 
Rate (1 – α) 

Cmax, AUClast, and AUCinf  98.6 NA NA 

Cmax,  AUClast, and AUCinf held constant (null hypothesis is true* when set of 3 primary BE 
metrics is used) 

Cmax, AUClast, and AUCinf, and AUC5-last 100% 0.00 100 

Cmax, AUClast , AUCinf, and AUC5-last held constant (null hypothesis is true* when set of 4 BE 
metrics is used) 

Cmax, AUClast, AUCinf, AUC5-last, and AUC0-5 94.0 0.06 0.94 

Cmax, AUClast, AUCinf, AUC5-last, and AUC0-4 80.1 0.19 0.80 

Cmax, AUClast, AUCinf, AUC5-last, and AUC0-3 58.82 0.41 0.59 

Cmax, AUClast, AUCinf, AUC5-last, and AUC0-2 30.4 0.70 0.3 

Cmax, AUClast, AUCinf, AUC5-last, and AUC0-1 4.46 0.95 0.05 

NA = not applicable 

* The null hypothesis here is defined as Ho:  

      Ho: Test and Reference Products are Bioequivalent. 

      Ha: Test and Reference Products are NOT Bioequivalent. 

 

False-positive and true-negative rates for formulation Q when comparing 
GMR of the test and reference. 

The assessment was done based on fair intra-subject CV values (KaCV and 

TlagCV were set at 28% and 33.3%, respectively). The false-positive and true-

negative rates established are presented in Table 17. 

 

 



112 
 

Table 17: False-positive and true-negative rates of formulation Q when 

various additional metrics were added (KaCV and TlagCV are set at 28% 

and 33.3%, respectively). 

Combination of PK Parameters 

Probability of 
Meeting  
80 – 125% BE 
Criteria 

False-
Positive 
Rate (α) 

True-
Negative 
Rate (1 – α) 

Cmax, AUClast, and AUCinf 98.6 NA NA 

Cmax,  AUClast, and AUCinf held constant (null hypothesis is true* when set of 3 primary BE 
metrics is used) 

Cmax, AUClast, and AUCinf, and AUC5-last 100% 0.00 100 

Cmax, AUClast , AUCinf, and AUC5-last held constant (null hypothesis is true* when set of 4 BE 
metrics is used) 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-

5 
94.03 0.06 0.94 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-

4 
81.14 0.20 0.80 

Cmax, AUClast, and AUCinf, AUC5-last, and AUC0-

3 
62 0.42 0.58 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-

2 
30.4 0.70 0.30 

Cmax, AUClast, and AUCinf AUC5-last, and AUC0-

1 
5.4 0.95 0.05 

NA = not applicable 

* The null hypothesis here is defined as Ho:  

      Ho: Test and Reference Products are Bioequivalent. 

      Ha: Test and Reference Products are NOT Bioequivalent. 

 

3.4.2.4. False-positive and true-negative rates for Metadate CD 

Table 18 presents the false-positive and true-negative rates of various sets of 

BE metrics established from Monte Carlo simulation and the intra-subject CV 

of Ke and Ka are set at 20% and 30%, respectively. 
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Table 18: False-positive and true-negative rates of Metadate CD when 

various additional metrics were added (KeCV and KaCV values are set 

20% and 30%, respectively). 

Combination of PK Parameters 

Probability of 
Meeting  

80 – 125% BE 
Criteria 

False-
Positive 
Rate (α) 

True-
Negative 

Rate (1 – α) 

Cmax, AUClast, and AUCinf 98.6 NA NA 

Cmax,  AUClast, and AUCinf held constant (null hypothesis is true* when set of 3 primary BE 
metrics is used) 

Cmax, AUClast, and AUCinf, and AUC6-last 100% 0.00 100 

Cmax, AUClast , AUCinf, and AUC6-last held constant (null hypothesis is true* when set of 4 BE 
metrics is used) 

Cmax, AUClast, and AUCinf, and AUC6-last, 
and AUC0-6 

100 0.00 100 

Cmax, AUClast, and AUCinf, and AUC6-last, 
and AUC0-4 

55.49 0.45 0.55 

Cmax, AUClast, and AUCinf, and AUC6-last 
and AUC0-3 

36.26 0.64 0.36 

Cmax, AUClast, and AUCinf, and AUC6-last 
and AUC0-1.5 

5.33 0.95 0.05 

Cmax, AUClast, and AUCinf, and AUC6-last 
and AUC0-1 

2.27 0.98 0.02 

NA = not applicable 

* The null hypothesis here is defined as Ho:  

      Ho: Test and Reference Products are Bioequivalent. 

      Ha: Test and Reference Products are NOT Bioequivalent. 

 

3.4.3. Sample size calculation 

The  practice sample size calculation for a pivotal BE study, an example using a 

set of 4 metrics was presented in Table 19, assuming CVs of pAUCs were 

obtained from a pilot 2 -way crossover BE. In addition, GMR of Test/Ref was 

set between 90% and 110%, meaning similar shapes of concentration drug 

profiles were assumed. See detail in Appendix 7. 
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Table 19: Sample size calculation for pivotal BE study ensuring passing 

the examined sets of BE (an additional metric added to a conventional 

set of AUCinf, AUClast and Cmax) 

Additional BE 
criteria 

Geometric mean 
ratio 

Intra sub CV   
(%) 

Required sample 
size if Power of 
the test is 90% 

Required 
sample size if 
power of the 
test is 80% 

AUC0-5   90-110 15% 16 12 

AUC0-4 90-110 20% 25 19 

AUC0-3 90-110 25% 39 29 

AUC0-2 90-110 35% 74 55 

AUC0-1 90-110 45% 90 120 

 

Results in Table 19 show that though the test product’s drug concentration 

versus time profile is similar to the reference (column 3), the required sample 

size to pass any additional BE criteria (column 1) increases as intra-subject CV 

increases. This is a reasonable expectation as the absorptive phase is highly 

variable especially with early pAUCs (>30%).  

3.5. Discussion 

According to the FDA, two drug products with differences in the extent of their 

absorption can be considered BE if they are not different in rates of 

absorptions. When the rate of absorption of two products differs, they can be 

considered if (a) such differences in the rate of absorption are intentional and 

are reflected in the labeling and (b) no difference in the attainment of effective 

body drug concentrations on chronic use, and (c) are considered medically 

insignificant for the particular drug product studied [48]. The present BE 

requirements are thought to be already so rigorous and constrained, that there 

is little possibility that generic products which meet regulatory bioequivalence 
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criteria would lead to therapeutic problems [46, 74]. With some recognized 

exceptions in the assessment of equivalence to assessment the equivalence 

between generic and innovator drugs using current standards has resulted in 

rare but questionable BE determination [50], causing the need for more 

detailed investigation. However, among the putative additional metrics, it is 

important to clarify what needs to be known, what is useful to know, and what 

is merely interesting to know in the contexts of bioavailability and BE [74].  

There are several cautions raised when considering drug substitution under 

certain circumstances for generic products, and one of the concerns most 

encountered when assessing bioequivalence/therapeutic equivalence between 

generic and branded drugs including when the rate of absorption is variable 

which is a concern for MPH products [50, 75, 76]. Drug absorption is a 

prerequisite for drug action. It is obvious that differences in excipients in 

formulation, in compaction pressure of tablets, particle sizes, etc. can affect the 

bioavailability of generic drugs compared to brand name products and is 

particularly true for oral administration. Obviously in the assessment of BE, the 

pAUCs may be critical in cases where differences appear in early stage, late 

stage drug exposure or drug kinetics have multiple peak and shoulder 

concentrations time curves. 

Practically, AHDH is a chronic problem and patients may need to take 

medications continuously for a certain period of time [61]. MR forms of MPH 

have shown better clinical responses with regard to efficacy and safety [58, 59, 

61, 67] although it has also been suggested that controlling AHDH is better 

with IR forms of MPH in adult subjects compared to that of long-acting forms 

[77]. There are no established therapeutic blood level ranges for MPH and 

each patient has a unique dose-response curve [61], and various MR 

formulations of MPH have shown different pharmaco-clinical effects due to 
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distinct release profiles while all offering therapeutic efficacy, suggesting that 

drug effect at any point may not be a function of concentration alone  [51, 61, 

71]. When the medicine has been chosen as the treatment of choice, it is 

advisable that practitioners should initiate ADHD therapy with the lowest 

available dose for MR MPH and titrate the dosages to find out the best dose 

response for a particular individual. The dose should be slowly increased 

incrementally, every 1-2 weeks, until an effective dose is achieved. Children as 

young as 6 years old can have treatment initiated with the capsule 

formulations of MPH-MR, as these can be opened and the contents given in soft 

food [59, 61]. Therefore, the suggestion of this study for the BE metrics 

including Cmax, AUC0-Tmax, AUClast, AUCinf and AUCTmax-last are of interest and 

characterize well the rate and extent of drug bioavailability that allows 

sufficient comparison of different MR MPH products.   

My study has demonstrated a good example of the application of additional 

metrics, the pAUCs, that when applied, can provide improvement in equality 

between generic and branded products. It opens opportunities for the 

sponsors to refine their products in order to have closer drug release 

characteristics compared to reference products and provide similar drug 

kinetics and efficacy. To make a fair comparison, the cutoff point for pAUC 

should be at the same time for both test and reference within each individual 

as it has been suggested that the cutoff point is critical to determine the 

absence in differences between the products when assessing pAUC [53, 78]. In 

fact, early exposure can be estimated by truncating the AUC at any early time 

after drug administration, depending on the PK/PD relationship of the drug 

product under examination [53]. Using additional pAUCs from various 

simulations, one can dissect the discrepancies in detail between two products 

and point out the probability of meeting all the requirements in which some 

sets of BE criteria, if applied, can be an impossible barrier to overcome. 
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Alternatively, satisfying proposed BE metrics also presents the practioner 

greater confidence about the interchangeability from brand to generic, from one 

generic to another generic and between generic to branded products allowing 

appropriate use without any change in efficacy and safety outcomes. 

Fundamentally, any additional requirements should undergo scientific 

scrutiny, focusing on the patients in terms of therapeutic and economic 

benefits. Switching from expensive and sometimes difficult-to-find branded 

drugs to available and inexpensive, but are bioequivalent, products is 

something that practitioners always need to think about in daily practice [79].   

Herein, I have provided PK modeling/simulation analyses combined with 

clinical rationale as primary methods to support the choice of proposed BE 

metrics. Based on decision tree and PK modeling/simulation analyses, I have 

selected early pAUCs (AUC from 0 to time prior or up to Tmax) to compare both 

absorption and distribution/elimination rates between two products for 

possible use the regulatory setting.  The choice of pAUC truncation was based 

most appropriately on a PK/PD relationship and/or efficacy/safety data for 

the drug under examination [53, 56].  Because the ambiguity in PK/PD 

relationship for MPH product on individuals, I have selected AUC0-Tmax to 

ensure BE for early onset in relation to drug exposure and AUCTmax-last for 

sustained activity through the day as two additional BE metrics to characterize 

potential differences between two modified release MPH products.  The 

outcome from simulations of Metadate CD and formulation Q suggests the use 

of these proposed pAUC metrics in future BE studies provides roughly 85% , 

respectively, probability of meeting 80-125% BE criteria with a false positive 

rate of 15%, respectively.  I believe that these are feasible values for both 

sponsors and regulatory agencies.  
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Bioavailability becomes a matter of crucial importance when a compound has 

characteristics such as poor solubility in water, a narrow therapeutic index, or 

nonlinear kinetics. Drugs of this type may lose their therapeutic effect, even 

when serum concentrations are reduced only slightly, and there may be a risk 

of toxicity in cases of overdose [75]. Logically, the differences in formulation 

can cause a deviation in the shape of the corresponding plasma drug 

concentration-time profiles, despite equivalence on the basis of Cmax and AUC. 

Nevertheless, equivalence of pAUCs does not always ensure equivalence in 

shape of the plasma concentration–time profile, in peaks versus shoulders and 

for a product that would provide the same therapeutic effect [52].  

Regulatory alerts with implementation of pAUCs in BE should not negatively 

influence the approval of generic drug products. However, pAUC is a loose 

word, and concern comes from the flexibility in pAUC criteria and the difficult-

to answer question of what if early pAUCs such as AUC0-1.5 fails but AUC0-2 

passes. Another issue is whether the pAUCs developed this case can be applied 

to other cases of the same drugs where variations do exist among lot to lot 

manufactured by the same name-brand drugs [80]. As such, there is also a call 

for careful evaluation of the within-subject variance associated with this 

parameter [56]. All this presents the uncertainties of assessing pAUCs for 

evaluating partial exposures as mandatory additional criteria to show BE 

between two products. Technically, putting additional metrics such as pAUCs 

into the set of three conventional metrics will reduce the chances of passing 

BE criteria of a generic product. However, it would be interesting to see if the 

sponsors would increase the number of tested subjects in that larger numbers 

of subjects may partly compensate some shortfalls in drug formulation in 

order to meet BE requirements on the basis of pAUC and its intra-subject 

variance. Based on the simulated data, one can predict the chances of passing 

BE requirements with which pAUC that is added to the conventional three BE 
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criteria and one can make plans accordingly with appropriate cost and 

efficiency including plans for formulation improvement or increasing the 

subject sample sizes of pivotal BE studies. Following a different intent, using 

the simulated information, regulatory agencies can anticipate the difficulty of 

using required pAUCs.  In case the variability is too high that may result in a 

requirement of a large number of subjects for the BE assessment, a wider limit 

range for passing additional BE criteria/criterion could probably be applied 

(70%-130% for example). 

Two methods (section3.3.2.2) were utilized to provide options for Monte Carlo 

simulations and BE assessments (false-positive and true-negative rates).  

For method 1, PK parameters (Cmax, AUCinf, AUClast and pAUCs) obtained from 

mean drug concentration curves of the test and the reference were compared.  

When BE pilot data is not available (individual drug concentration profiles are 

unavailable), mean values of PK parameters of the reference product can be 

obtained from literature research and in the Summary for Basis of Approval 

(SBA) of the FDA site. Using this, the mean drug concentration time curve of 

the reference product can be established. The mean drug concentration time 

curve of the test product can also be simulated based on predetermined 

characteristics of the test product (dosage form, ratio of the IR/ER 

components, lag-time, drug development strategy of the formulators, etc.). 

Mathematically, when CV of the PK parameters are small (commonly accepted 

<30%) the prediction of BE is essentially the same as using the standard 

method [81]. In addition, the coding using this method is simpler and can be 

done by using any statistical software (R, S-plus, madona) beside Matlab. The 

result could be obtained in less than 5 minutes due to the few steps of 

calculation required. 
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Method 2, the standard method, is suggested when pilot BE data is in hand 

which utilizes individual drug concentration profiles. The code was written 

using method 2 in this study offering the maximum information that one can 

obtain. By looking at the CV values of each factor (Ka, Tlag, Ke) one can obtain 

the probability of passing BE when any set of BE criteria is applied. This code 

was more complicated and required up to 24 hr to attain results. This method 

was suggested by the FDA when analyzing BE data. Therefore, when pilot 

study data is in hand, method 2 is recommended. 

The advantages and limitations of using simulation for PK estimation have 

been addressed in previous studies when analyzing the behavior of Cmax, 

pAUC, Tmax as a function of relative changes in absorption (Ka) and elimination 

rate (Ke) [53, 82, 83]. 

The different approach used in my study is the first to demonstrate that using 

method 1, which employs the mean of available PK values, shows one can 

predict the chances of passing BE requirements and allows development an 

appropriate study design to predict the chances of passing BE requirements 

with whatever parameters that are added to the conventional three BE criteria 

and sponsors can make plans accordingly with appropriate cost and efficiency. 

It is well known that PK parameters, especially area under the concentration-

time curve (AUC) and maximum concentration (Cmax), should be analysed on 

the logscale under the assumption of log-normality [84]. Currently, PK data 

(especially AUC and Cmax), which are log-normally distributed, are usually 

summarized by arithmetic means [85]. Arithmetic means or sample means are 

naive estimates of population means. In fact, it was pointed out that arithmetic 

mean is a naive unbiased estimator for the log-normal mean and has been 

shown by Shen, Brown [81] that arithmetic mean can be very inefficient as an 

estimator of population mean, especially when the CV is large(> 30%) and is 
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even still true for large samples. Method 1 is not the standard BE data analysis 

method, however, it is particularly useful when assessing and extracting 

information from the database of the FDA, a pilot study, literature or in vitro-

in vivo correlation applications when intra CV are small (< 30%) [81]. 

Alternatively, method 2 simulated drug concentration profiles of the test 

product are based on the individual drug profile of the reference. Using model 

2 requires knowledge of the available software, has greater costs in terms of 

time and expense to perform analysis but the model supplies closer-to-the-

truth results and is a standard method. It requires perfect and standard BE 

study with two-way crossover design, which eliminates period and sequence 

effect on the total variability. For this application, clinical drug concentration 

profiles of the pilot study, in vitro-in vivo correlation or compartmental PK 

modeling results of the reference product are required in order to simulate 

individual plasma concentration profile for the test formulation. 

The code was written in this study primarily to investigate the effect of using 

early pAUC on passing BE. Nonetheless, it can also be used in other cases, for 

instance when developing a modified release formulation of narrow 

therapeutic products such as nifedipine is a concern when evaluating duration 

of drug exposure with AUC [55], the code can be easily applied with 

appropriate modification. The pAUC concept may also be applied to time 

intervals that are not related to early drug exposure; particularly when 

duration of effect is important [55] and when pAUC reflects much more 

sensitivity in assessing differing risks of adverse effects by the various 

formulations than Cmax (and AUC). For example, a pAUC8-16 could be 

proposed if there was a need to ensure equivalent drug exposure over that 

time interval. 
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Plasma sampling schedule contributes an important role when it comes to 

applying pAUCs. If AUC from 0 to Tmax is chosen to be an additional BE criteria 

then samples should be taken at a time close to predetermined Tmax to allow 

investigation of this parameter should be investigated for application in a 

pivotal BE study. When reference product has no lag time but the IR/ ER 

component of the test and the reference product are designed differently, Ke 

parameter would be the factor which contributes extensively to variation of 

pAUCs which was investigated in the case of Metadate CD [68]. 

3.6. Conclusions 

Although the available information is controversial in applying additive 

metrics to current BE criteria, the trend of applying pAUCs as additional 

benchmarks is being considered seriously in some cases when the impact is 

necessary regardless of the concern of some health agencies. Analysis of the 

data from MPH products in this study suggests that the principle of assurance 

similarity meaning minimal deviation between products can be increased 

without very much negative impact to generic manufacturers if an appropriate 

selection of additional barriers in determination of essential similarity 

adopted by various sponsors and the FDA is carried out. The analyses of 

various pAUC and proposals for a new set of criteria for BE approach are 

presented in this study. Based on the available parameters, supervisory 

agencies can suggest appropriate additional metrics to the conventional BE 

test as a means to further determine accurate BE and therapeutic equivalence. 

Once a new set of parameters is declared, sponsors can use this model to 

estimate the chances of passing the criteria and to quantify the required 

number of subjects in order to achieve their goals. 
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4. PK prediction of levofloxacin accumulation in tissue and its 
association to tendinopathy 

4.1. Abstract  

Levofloxacin has been widely used in clinical practice as an effective broad-

spectrum antimicrobial, however tendonitis and tendon rupture have been 

reported with increasing use of this agent. Here, these incidents will be 

assessed by investigating PK behavior of the compound to see if they are 

related to drug’s tissue disposition.  

The PK model for levofloxacin was established. Mean concentration versus 

time profiles of single or multiple dosing of 500 mg levofloxacin following oral 

and IV infusion administration were simulated. Monte Carlo simulation was 

used to simulate the drug concentration time profiles in plasma 

(compartment-1) and tissue (compartment-2) after seven dosing regimens 

while varying the drug’s elimination and distribution rates to see the effect of 

changing those rates have on the drug accumulation in tissue.  

Simulated mean levofloxacin concentrations following oral and IV infusion 

administration reflect well the reported data with regard to the drug 

distribution (a mean of simulated Cmax 6.59 μg/mL and 5.19 μg/mL for IV 

infusion and oral plasma versus 6.4 μg/mL and 5.2 μg/mL for observed clinical 

IV infusion and oral route, respectively). Simulations of seven consecutive 

doses are also in agreement with reported values. Monte Carlo Simulation 

shows that low elimination rates affect the drug concentration in plasma and 

tissue significantly with the level in plasma rising up to 35 μg/mL at day 7. A 

normal elimination rate together with escalation of distribution rates from 

plasma to tissue could increase the tissue concentration after 7 doses to 9.5 

µg/mL, a value that is more than twice that of normal.  
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Simulation can be used as an effective tool to evaluate drug concentration in 

different compartments (plasma and tissues). The unexpectedly high 

concentration values in some cases may explain, at least in part, the reason of 

tendinopathy occurs in clinical settings. 

4.2. Introduction 

Fluoroquinolone antimicrobial agents have been widely being used in clinical 

practice as effective broad-spectrum antimicrobials with excellent 

bioavailability. Unfortunately, adverse events such as tendonitis, particularly 

in the ankle areas, and less often Achilles tendon rupture, arthralgia, myalgia, 

etc  have been reported with increasing use of the agents [86-90]. In this 

regard, a third generation of fluoroquinolones has been introduced to the 

clinic with great expectation from the pharmacological community in that they 

potentially have greater antibacterial efficacy while reducing adverse effects. 

Among the newer agents, levofloxacin appears to be safe and extremely well 

tolerated after both oral and intravenous administration [91, 92]. It exhibits a 

low incidence of gastrointestinal and central nervous system adverse events, 

extremely low phototoxicity, and no cardiotoxicity [93]. In the beginning, the 

unexpected effects of fluoroquinolones/levofloxacin on the musculoskeletal 

system were thought to be very rare [94, 95] with the most severe incidents 

affecting the Achilles tendon, where complete rupture can occur. Sites of other 

inflammatory incidents included tendons, ligaments and cartilage in 

shoulders, knees and hands [87, 96-103]. The unexpected, incidences of 

tendinitis and tendon rupture associated with fluoroquinolones, in general, 

and with levofloxacin, in particular, have emerged [88, 104-107] with more 

and more documented reports worldwide. Among those, tendinopathy 

accounted for 4.1% of the cases with mostly pain or inflammation of the 

Achilles tendon and only rarely rupture of the tendon [108, 109]. The 

reporting rate of tendinopathies was highest for levofloxacin, in which the 
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compound was responsible for 7 out of the 11 cases [108], while another study 

revealed that Achilles tendon rupture by levofloxacin has an approximate one 

percent incidence which is higher than previously thought [109]. Tendon 

injury was reported to occur as early as two hr after receipt of the first dose to 

as late as 6 months after treatment [110, 111]. The risk factors of 

fluoroquinolones-induced tendinopathy include older age, concomitant 

corticosteroid therapy and renal dysfunction (renal insufficiency, dialysis, 

renal transplant patients). Caution has been raised when prescribing a 

combination therapy of steroids and levofloxacin to patients, particularly to 

those with known risk factors regardless of differences in physio-pathologic 

conditions [112].  

Levofloxacin, a chiral fluorinated carboxyquinolone and the L-isomer of the 

racemate ofloxacin, is the pure (-)-(S)-enantiomer of the racemic drug 

substance ofloxacin. Chemically it is (-)-(S)-9fluoro-2, 3-dihydro-3-methyl-10-

(4-methyl-1-piperazinyl)-7-oxo-7H-pyrido[1,2,3-de]-1,4 benzoxazine-6-

carboxylic acid hemihydrate. The empirical formula is C18H20FN3O4 • ½ H2O 

with a molecular weight of 370.38 comes as a light-yellowish-white to yellow-

white crystal or crystalline powder. 

 Levofloxacin hemihydrate structure 

 

Regarding its PKs, levofloxacin is rapidly and almost completely absorbed 

following oral administration with an absolute bioavailability of 

approximately 99% and a mean apparent volume of distribution of 
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approximately 95L. Peak plasma concentrations are usually attained within 

two hours after oral dosing. Therefore, the oral and intravenous routes of 

administration can be considered interchangable. Levofloxacin is 24-38% 

bound to serum proteins, mainly bound to human serum albumin and the 

degree of protein binding is not concentration dependent [101]. It undergoes 

limited metabolism in humans and is mainly excreted as unchanged drug in 

urine. Approximately 87% of an administrated dose is detected unchanged in 

urine in 48 hr while lower than 4% of the dose is recovered in feces after 72 

hr. Metabolites (desmethyl levofloxacin and Levofloxacin N-oxide) account for 

3.33% of a dose and have been reported to have little relevant 

pharmacological activity [113]. The area under the curve (AUC) and maximum 

concentration (Cmax) of levofloxacin following single and multiple once daily 

administrations increase linearly over a dose range of 50mg to 1g oral doses. 

The PKs of levofloxacin following single 500mg oral dosing (Table 20) and 

multiple IV doses (500mg q12h and 500mg q24h for 9 days) was evaluated in 

normal healthy subjects . The extent of accumulation as evaluated from the 

day 10/day 1 AUC and Cmax ratios were 1.06 and 1.14, respectively [94].  

Table 20: Mean levofloxacin PK Parameters in Ten Healthy Male 

Volunteers after single 500mg oral dosing of levofloxacin Hemihydrate 

Administration [94] 

 Cmax 
(μg/mL) 

Tmax 
(hr) 

AUC0-24 
(μg.h/mL) 

AUCinf 

(μg.h/mL) 

T1/2 
(h) 

CL/F 
(L/h) 

VDss/
F (L) 

Mean 5.19 1.3 42.6 47.7 6.5 10.5 96.7 

SD 1.21 0.5 6.00 7.59 0.7 1.75 11.9 

Max 7.03 2.0 50.0 57.2 7.5 13.1 117 

Min 3.61 0.5 35.1 37.3 4.9 8.54 83 

CV (%) 23 43 14.1 15.9 11 17 12 

 

Levofloxacin PKs parameter estimates in patients with bacterial infections are 

summarized in Table 21.  
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Table 21: Summary of the average levofloxacin Population PK Parameter 

Estimates in patients with bacterial Infections receiving levofloxacin at a 

dosage of 500 mg every 24h by a 1-h intravenous infusion [116] 

 K12 (h-1) K21 (h-1) V1 (L/kg) CL(L/h) V2(L) 

Mean 0.487 0.647 0.836 9.27 51.05 

Median 0.384 0.596 0.795 9.01  

SD 0.378 0.391 0.429 4.31  

 

It has been shown that levofloxacin levels were achievable in all tissue 

samples after a single intravenous dose of the antibiotic despite high 

variability in the PK in the patients [117]. In bone and cartilage, levofloxacin 

penetrated well into cortical and spongiosa tissue of femoral head and distal 

femur, with mean penetration ratios between 0.34 and 1.51. The penetration 

of levofloxacin into bone was rapid, taking approximately 2 hr to reach the 

maximum concentration in bone. By 5 hr, apparent equilibrium of levofloxacin 

concentrations seemed to have occured between the bone tissues and plasma 

[118].  Those penetration ratios are in agreement with the results observed by 

von Baum, Bottcher [117] where 87 specimens including 21 serum and 66 

tissue samples (cancellous bone, granulation wound skin, fatty cortical bone 

and muscle  tissues ) were obtained at 90 min (range 45 -210 min after the 

start of infusion). Recently, studies have shown that levofloxacin concentration 

in plasma and in the interstitial space fluid (ISF) of lung tissue, and that of 

muscle and subcutaneous adipose tissue were significantly different after 

receiving a single intravenous dose of 500mg. It was observed that about 2-

fold and 1.5-fold higher AUC from 0 to infinity (AUCinf) for the ISF of muscle 

and adipose tissue as compared to lung, respectively. No difference in peak 

concentration between fat, skeletal muscle and lung was observed. Time to 

reach Cmax (Tmax) values in adipose (60min) and muscle tissue (80 min) were 

shorter than in lung tissue (90 min). The difference in AUCinf was possibly 
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explained by higher clearance of levofloxacin from lung tissue as compared to 

muscle and adipose tissue [119]. The thesis was further established by shorter 

elimination half-life of levofloxacin in the lung as compared to muscle and 

adipose tissue [120]. The possible reason is that the capillary blood flow is 

higher in lung and much lower in peripheral soft tissue and possibly 

substantial differences in redistribution processes from tissue to the blood 

[120]. The results of these observations are of importance and should be taken 

into account when evaluating the distribution and clearance of Levofoxacin in 

different tissues regarding the relationship of capillary blood flow to the tissue 

and the concentration seen in peripheral blood and/or distribution and 

toxicity of the drug to a specific tissue and organ. It indicates that the 

distribution and peak concentration of levofloxacin can be obtained in various 

tissues regardless of some limitation in blood perfusion, although reporting 

some differences in Tmax of the drug. In agreement with the above 

observations, it has been shown that stromatous tissue such as adipose tissue, 

articular capsule, trachea cartilage and tendon achieve a similar 

concentrations of quinolones when subjected to a single dose of 

fluoroquinolones intravenously in an experimental canine model albeit fat and 

the three latter kinds of tissues have significant discrepancy in structural 

constitution and distributive vasculatures [121]. Anatomically, human Achilles 

tendon has little to no vasculature for itself [122] and is nurtured ultimately by 

permeation from the peripheral tissues suggesting that once a fluoroquinolone 

has reached its peak concentration in tendon tissue, it is likely to reside semi-

permanently in the tissue and may be harmful because of its prolonged 

exposure. This may help to explain some incidents observed in human in 

which Achilles tendon rupture was recorded clinically up to 6 months after the 

end of the treatment [110, 111], and the higher prevalence of Achilles tendon 

incidents in diabetic and aged patients, who also suffer from a decreased 
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circulatory network in Achilles tendon with advancing life span or diseases 

[101, 111, 122-124]. 

It is not only the biological distribution of capillary blood flow that is a 

putative mechanism responsible for tendon incidents of fluoroquinolones but 

also the dose-dependent toxicity of the compounds at the cellular level. The 

fact that levofloxacin is a weak acidic compound (Pka=6.8), and in some cases 

where an increase in intracellular pH concomitantly with a reduction in 

extracellular pH, i.e. inflammatory and hypoxia, may promote permeability of 

the compound to the tissue and thus increase intracellular concentration of 

the drug. This gradient suggests that a sufficient amount of the drug is likely 

ionized and therefore is retained in cells, and the concentration can quickly 

rise beyond the maximal accumulation level that the cells could tolerate 

leading to apoptosis and cell death[125-127]. This phenomenon may explain 

the intracellular accumulation of the compound in tendon cells and the soaring 

damage seen once complications start because once the injury is present, the 

infiltration of inflammatory cells into the lesions causes further irreversible 

effects [124, 128, 129].  

The combination of multiple mechanisms acting simultaneously may help 

explain some of the unexpected complications in clinical settings. In fact, it has 

been reported that tendon disorder symptoms, despite rest and supportive 

treatment, continued for 6 months after quitting use of the medicine [109, 

130]. Moreover, severe tendinopathy incidents can be seen in patients even 6 

months after the administration of fluoroquinolone compounds [111]. The 

mechanisms of tendonitis and Achilles tendon rupture remain unclear. The 

accumulation of fluoroquinolones/levofloxacin in tendon may be the reason 

for tendon incidents, however there is no confirmed the relationship between 

plasma concentrations to tendonitis and/or whether additional unknown 
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reasons, lead to increasing drug accumulation in tendon tissue causing 

complications. Therefore, a new and simple process is to determine drug 

distribution rate to tendon tissue leading to the prediction of biological 

outcomes that can be used as an early warning for levofloxacin toxicity in daily 

practice would be valuable. This study used Monte Carlo simulation to assess 

the usefulness of PK prediction in relation to levofloxacin tissue accumulation 

and tendinopathy. The objective is to elucidate the potential relationship 

between levofloxacin accumulation in tendon tissue (or levofloxacin 

concentration, distribution) and tendinopathy incidents.  

4.3. Materials and Methods 

4.3.1. PKs of levofloxacin 

Levofloxacin comes in two dosage forms- Oral and IV infusion. Human data 

(Levaquin FDA approved packages [43]) were used to generate the average 

drug concentration versus time profiles in plasma and tissue for Oral and IV 

formulations. A two-compartment open model (Figure 39) with first-order 

absorption and elimination process was used to describe levofloxacin plasma 

concentration time profile .   
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Figure 39: Diagram of a two compartment PK oral model for levofloxacin. 

 

The model is described by the following system of ordinary differential 

equations: 

dXa/dt = -K0*Xa      Equation 12 

dX1/dt = Xa*K0+X2*K21-X1*(K12+Ke)                   Equation 13 

dX2/dt = X1*K12-X2*K21     Equation 14 

where Xa, X1, X2 are the miligram amounts of drug in the gut, the central 

(plasma), and the peripheral compartments, respectively.  

Ka (hr-1) and K0 (mg/hr) are the absorption rate constant and the IV infusion 

rate of Levofloxacin, respectively; Ke (hr-1) is the elimination rate constant 

from the central compartment; K12, K21 are the between-compartment transfer 

rate constants (all in hr-1). The other PK parameters are the volume of 

distribution (V): 

 

K0, Ka Excreted 

Drug 

Xa= F*Dpo/ 

Intravenous 

I (Plasma) 

X1= C1V1 

 

II 

X2=C2V2 

(Peripheral) 

Ke 

K12 K21 
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C1 = X1/V1                                                                         Equation 15 

C2 = X2/V2                                                                         Equation 16 

where C1, C2 are levofloxacin concentration in μg/mL in the central 

compartment and the peripheral compartments, respectively; V1, V2 represent 

volume of distribution in the central and peripheral compartments in mL, 

respectively. F is the fraction of dose absorbed. In extravascular models, the 

fraction of dose absorbed cannot be estimated separately. Therefore, V1/F was 

estimated together in PK modeling. Dpo is the administered dose orally. 

PK parameter values obtained from literature  (Table 22) were used in Monte 

Carlo simulation of drug concentration versus time profiles for levofloxacin 

after single or multiple oral and IV infusion dosing administration.  

Table 22: Summary levofloxacin PKs used in Monte Carlo Simulation 

 K12 (hr-1) K21 (hr-

1) 
V1 (L) CL 

(L/hr) 
V2 (L) T1/2 

(hr) 
Ke

 Tm

ax 

Mean 0.487 0.647 18.92 9.27 51.05 7.4 0.099 1.3 

Median 0.384 0.596  9.01  0.9   

SD 0.378 0.391  4.31    0.5 

 

4.3.2. Derivations of Drug concentration in plasma and tissue 
compartments after IV infusion single and multiple dosing 
administration using Laplace transforms  

Laplace transforms was used to derive the drug concentration in plasma (C1) 

and tissue compartment (C2) after IV infusion single (Equations 17 and 18) 

and multiple dosing (Equation 19 and 20). Detail of derivation is presented in 

Appendix 9 and Appendix 10. Drug concentration in plasma and tissue 

compartments after oral single and multiple dosing will be provided upon 

request. 
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and   is the duration time of infusion.
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4.3.3. Matlab/Simulink Monte Carlo Simulations 

The Monte Carlo simulation method is a numerical simulation based on finite-

size systems that uses a random number generator to provide the random 

variable that will be used in the model to generate the drug concentration time 

curves based upon the distribution probability of the random variable range 

and with multiple simulations the behavior of a system can be defined. In this 

study, possible drug concentration profiles were simulated. A 2- compartment 

open model without a lag time was used to generate each concentration-time 

profile, where drug distribution rates (K12, K21) or drug elimination rate (Ke) 

were random variables associated with their distribution information. Their 

distributions were considered log- normal distributions. The mean 

concentration-time profile was generated by using mean values of PK 

parameters.  

4.3.4. Study the effect of elimination and distribution rate on drug level 
in plasma and tissue 

Investigation of varying the effect of elimination and distribution rates was 

performed using various values of those parameters. Monte Carlo simulation 

of 5,000 drug concentration profiles was performed by importing 

elimination/distribution rates randomly into PK model and according gain 

blocks as in Figure 45 (Appendix 11). Random values were picked from their 

associated log-normal distributions (mean and standard deviation) Table 22. 

Detail of simulation is available upon request. 
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4.4. Results 

4.4.1. Simulated levofloxacin PK parameters from Monte Carlo 
Simulation using Matlab/Simulink 

4.4.1.1. Simulated levofloxacin concentration time profiles after a 
1h-infusion and oral 500 mg single dose administration 

A two-compartment PK model with first-order absorption and elimination 

rates was used to simulate mean drug concentration time profiles in plasma 

and tissue for levofloxacin following IV infusion and oral administration. 

Plasma and well -perfused organs such as lung, skin, and spongiosa etc. were 

grouped in compartment 1. Tissues characterized by poor blood flow such as 

tendon tissue (Achilles tendon) along with adipose and cartilage were grouped 

in compartment 2. Tendon was anticipated to have very low redistribution 

rate compared to other sites that were grouped in compartment 2 where the 

distribution rate is comparable to those of cortical bone and adipose tissue 

[117, 120, 122].  
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[……]: drug concentrations in plasma; […+]: drug concentrations in tissue after a single 
intravenous infusion; [- ∆]: drug concentrations in plasma, [-o]: drug concentrations in tissue 
after  a single oral dosing. 

Figure 40: Simulated mean plasma and tissue levofloxacin concentration- 

time profiles following the oral and IV infusion administration of a single 

500 mg dose. 

Figure 40 shows that the generated drug concentration time curves were 

approximately superimposable in plasma and in tissue after oral 

administration and IV infusion, which is in agreement when approximately 

100% of drug absorption occurs through the oral route except that drug 

concentration produced a higher peak drug concentration with IV infusion 

than that with oral administration. 

This initial simulation of the average drug concentration ratio between plasma 

and tissue showed no obvious change with time 4hr post dosing onward, and 
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that equilibrium between plasma and tissue drug concentrations were actually 

achieved 4 hr after dosing and the tissue concentrations declined 

proportionally to the plasma concentrations.  

Comparison of PK values between the simulated data and observed data after 

a single dose of 500 mg levofloxacin is presented in Table 23 showing a good 

agreement with published data [94]. The chosen PK model that was used to 

simulate the drug concentration time curves was an excellent fit to the 

observed plasma concentration data. 

Table 23: Simulated and observed levofloxacin Mean PK Parameters 

after a Single 500 mg dose oral and 1h- infusion administration [94] 

 500 mg i.v. 500 mg oral 

Variable Simulated 
data 

Healthy 
volunteersa 

Simulated 
data 

Healthy 
volunteersa 

Cmax 
(μg/mL) 

6.5956 6.4 ±0.8 5.19 5.2 ± 1.4 

Tmax 1 1 1  1± 0.4 

AUC0-24 
(μg.hr/mL) 

53.77 54.6±11.1 48.82 47.5 ± 6.7  

Half-life (hr) 7.0 7.0 ± 0.8 
(Ke=0.099) 

7.6 7.6 ±1.6 
(Ke=0.091) 

Clinical Data are mean ±SD NR= not reported; Cmax= maximum concentration; Tmax = time to 
achieve Cmax; AUC0-24 = area under the concentration-time curve from 0-24 hr. 

aAdapted from reference [94] 
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4.4.1.2. Simulated levofloxacin Drug Concentration time profiles 
after multiple oral 500 mg once daily dosing administration 

 
Figure 41: Simulated levofloxacin concentration time profiles following 

multiple once daily 500 mg oral administration for plasma (red) and 

tissue (blue) 

 

 
Figure 42: Simulated levofloxacin concentration time profiles following 

multiple once daily 500 mg 1h-infusion administration for plasma 

(black) and tissue (blue) 
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The simulated data show that plasma and tissue levofloxacin concentrations 

after repeated doses for 7 days resemble the drug concentration profile of a 

single dose well. Only a slight accumulation of the drug is observed on the 

second dose onward. The concentration time curves after each dose for a 7-

days treatment course are presented in Figure 41 (oral route) and Figure 42 

(intravenous infusion). 

Table 24: levofloxacin drug concentration and PKs after 7 days of a 1h-

infusion and orally once daily administrations for the plasma 

compartment. 

 500 mg i.v. 7days 500 mg oral 7days 

Variable Simulated 
data 

Healthy 
volunteersb 

Simulated 
data 

Healthy 
volunteersb 

Cmax (μg/mL) 8.023 7.9 6.08 5.7 ± 1.4 

Tmax 1 1 1.1 1.1 

Half-life (hr) 6.8 6.8 6.8 6.8 

Cmin(μg/mL)    0.5±0.2 
b: from reference [132] 

The comparison between observed data and simulated PK values after 

multiple-dose 1-hour intravenous infusion and oral administration of 

levofloxacin is presented in Table 24.  At steady state, simulated mean peak 

and trough plasma concentration values (Cmax, Cmin, respectively) following 

once-daily administration regimen are in agreement with reported values. In 

addition, simulated data for compartment 1 that represent plasma 

concentrations after consecutive doses confirms levofloxacin accumulates 

minimally following repeated once-daily administration dosing regimen 

(Table 25). 
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Table 25:  Simulated mean tissue drug concentrations and PKs after 

single and multiple IV and oral dosing  

 IV Oral 

Variable 500 mg IV 
single dosing 

7 days dosing 
of 500 mg iv 
infusion 

500 mg oral 
single dosing 

7 days dosing of 500 
mg oral  

Cmax 
(μg/mL) 

3.2834 5.12 3.08 4.0845 

Tmax (hr) 3.11 3.14 3.25 3.5 

AUC0-24 
(μg.hr/mL) 

42.9163 42.9163 42.05 42.05 

 

The concentration of levofloxacin obtained in soft tissue (equivalent to 

compartment 2 of simulated data) after an administration of a single 500 mg 

of the compound at 3.0-3.1 hr is around 3.3μg/mL suggesting the model is in 

good agreement to the predicted concentrations in the tissue or compartment 

2 (Figure 39) compared to levofloxacin concentrations in adipose tissue 

obtained in the study by Bellmann, Kuchling [133]. Levofloxacin also possesses 

the capacity to penetrate to cortical bone (an organ included in the tissue or 

compartment 2) of up to 36-100% of the plasma concentration after a single 

intravenous dose of 500 mg [117, 134-136]. Simulation to predict drug 

concentrations in this study produces a mean Cmax in the tissue or in 

compartment 2 that is approximately 41% that of plasma. 

Table 26: Relationship between simulated mean concentrations and 

observed data after a single dose of 500 mg levofloxacin 

Time Simulated 
compartment 2 
values (i.v) 

Simulated 
compartment 2 
values (oral) 

Observed data 
(i.v) 

Levofloxacin 
concentrations 
predicted/measured 

3.2 μg/mL 3.08μg/mL 3.1 μg/mL  
[133] 
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at 180 mins (hr) 

Plasma/Tissue Ratio 
concentrations  

41% 50.6% 36-100% 
(cortical bone: 
plasma) [117, 
134-136] 

 

4.4.1.3. Monte Carlo Simulation to elucidate the effect of varying the 
elimination rate on levofloxacin concentration profiles 

 

Figure 43: Effect of changes in the elimination rate constants on the drug 

concentration in plasma and tissue after oral administration of 

levofloxacin. 

 

Five thousand possible values of the elimination rate constant were randomly 

selected from its log normal distribution to generate associated individual 

plasma and tissue drug concentration profiles. The red is drug concentration 

in plasma, and the blue is drug concentration in tissue (Figure 43).  

Patients with normal renal function have peak plasma concentrations between 

5 to 6 μg/ml after 7days of once daily oral administration of 500 mg (Figure 
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41). In the patients with impaired renal function, who are expected to have 

low rates of elimination, the drug concentrations in plasma could rise as high 

as 35 μg/ml at day 7. Drug concentrations in tissue were affected by renal 

function, but did not rise as high as in the plasma. After 7 doses, drug 

concentration in tissue rose at most to roughly around12 μg/ml. Therefore, 

the elimination process has less of an effect on raising drug concentrations in 

the tissue compared to that in the plasma compartment. Furthermore, because 

of dosing adjustment; when levofloxacin is given to patients with renal 

impairment ; drug concentrations in tissue would not be expected to 

accumulate as high as 12 μg/ml. 

4.4.1.4. Effect of varying the distribution rate constant on plasma to 
tissue drug concentrations 

Assessing the variation of drug concentration at tendon site was done by 

varying the values of redistribution rates while other PK parameters were 

keep constant at mean values. Five thousand values of the rate constant of 

drug distribution from compartment 1 to compartment 2 (K12) were 

randomly generated from its log-normal distribution (mean, standard 

deviation).  Details of the simulation are available upon request. 

To investigate the effect of the rate of the drug distributed into tissue and the 

resultant drug concentrations in the tissue, the mean value of the elimination 

rate constant was used and kept constant. This means Monte Carlo simulations 

were performed where it was assumed patients had normal renal function. 

Figure 44 shows the results of 5,000 simulated concentration time drug 

profiles in plasma (Red) and in tissue (Blue) after 7 doses of levofloxacin. The 

accumulation of the drug in tissue significantly increases after the second 

dose. After the third dose, the concentration in tissue is higher than in plasma 

and can be up to 9.5 µg/ml.  
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The highest tissue drug concentration as shown in Figure 41 for normal 

subjects after 7 doses is only 4µg/ml suggesting a difference of 5.5µg/ml 

between the two groups or the existence of more than 2 times higher drug 

concentrations in tissue compared to plasma when distribution changes. 

 

Five thousand drug profiles in plasma (Red) and in tissue (Blue) present a scenario in which 

accumulation of drug in tissue significantly increases after the second dose and is higher than 

plasma after the third dose of the drug. 

Figure 44: Simulated drug concentration time profiles when K12 is 

varied after oral administration of 7 doses with K12 being varied.  

 

Tendon was anticipated to have very low redistribution rate (K21) compared 

to other organs which were also grouped in compartment 2, while its 

distribution rate is comparable to those of the compartment 2 tissue. 

Technically, the concentrations at tendon would fall in the higher range of the 

tissue concentrations, and obviously drug concentrations in plasma change 

neatly along with possible values of drug distribution rate. In contrast, drug 

concentrations in tissue could increase dramatically from an average level up 
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to 9.5 μg/mL. The high values of levofloxacin in tissue could be drug 

concentrations in tendon and be the reason for drug toxicity to the tendon. 

 

4.5. Discussion 

Levofloxacin intravenous, tablet, and oral solution formulations have been 

approved in the U.S. since 1996 for the treatment of mild to severe infections. 

Its indications are for many infection conditions including acute bacteria 

sinusitis, acute bacterial exacerbation of chronic bronchitis, nosocomial 

pneumonia, community-acquired pneumonia, complicated skin and skin 

structure infections, uncomplicated and complicated urinary tract infections. 

Levofloxacin has been recognized to interact with a number of other drugs, 

herbal and natural compounds. In particular conditions, such interactions 

increase the risk of toxicity [111, 123]. Levofloxacin-associated tendinopathy, 

similar to other fluoroquinolones, is a widely recognized complication of the 

chemical use that eventually led the U.S. Food and Drug Administration to add 

a black box warning label to all fluoroquinolones recently, citing increased risk 

of tendonitis and tendon rupture [101]. In the New Drug Application 20-634, 

the sponsor, R.W Johnson Pharmaceutical Research Institute, carried out 

various PK studies that address issues such as drug interaction, systemic 

availability and disposition of levofloxacin in healthy adults, the elderly and 

patients with renal impairment. Even though, plasma concentration data from 

intravenous administration of levofloxacin from a multicenter open-label 

study in patients with bacterial infection showed that a two compartment 

open model (first –order elimination from the central compartment and a 

zero-order intravenous infusion and absorption duration) was the best fit;  it 

is noted that, when the absorption process is rapid, PK modeling is more 

sampling schedule subjective and there could be not enough sampling time 
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points to allow definite assessment the absorptive phase. Therefore, in this 

study, a rapid first order oral absorption rate was adopted because it was 

determined to be the best model to simulate drug concentration time profiles 

in plasma.  PK values were similar to values in subjects without bacterial 

infections (healthy subjects) in phase I clinical studies. Creatinine clearance, 

age and race were included in the demographic model for prediction of 

levofloxacin clearance in the subjects, with creatinine clearance explaining 

most of the population variance. The elimination of levofloxacin is mainly 

affected by the degree of renal function. Thus, dosage adjustment is required 

in subjects with renal impairment [138].  

This study suggests that the potential concentration accumulation in tendon 

tissue may be extremely and unexpectedly high (9.5 μg/mL) in some cases as 

compared to known plasma level. This may help to anticipate some 

complications in clinic regarding the concentration-related toxicity to tendons. 

It is shown that the concentration gradient transport and high vascular blood 

flow are the most likely mechanism for rapid accumulation of levofloxacin in 

compartment-1 categorized organs (liver, kidney and lung). The predicted 

concentrations in such organs also correspond to the actual concentrations 

seen in reported studies where the drug concentrations of the compound in 

those areas instantaneously achieved peak concentration in a short time 

similar to that seen in plasma, and was eliminated more quickly versus the 

tissues in compartment-2 which experienced longer exposure [119, 120] 

which is presented in Figure 44 where the accumulation of drug in tendon 

tissue happened and even goes higher than the plasma concentrations after 7 

days of treatment. Clinically, it is believed that greater drug diffusion into 

tissue incurs higher intrinsic tenotoxicity in the case of Ofloxacin and 

levofloxacin, where the two compounds show similar intrinsic tenotoxicity 
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and similar diffusion of drug into tissue [139]. It is also reported that 

intraarticular Ofloxacin concentration in juvenile dogs was approximately 1.8 

to 2.0 times higher than  serum concentrations 2 hr after dosing [140]. 

Because levofloxacin shares some characteristics with Ofloxacin in terms of 

intracellular concentration, it is more toxic than Ciprofloxacin due to higher 

diffusion of drug into tissue [97, 139, 141].  

Another mechanism that may also contribute to the toxicity of levofloxacin to 

the Achilles tendon is the ratio of influx and efflux of the chemical in the cells 

from the extracellular fluid. Data has shown the existence of very poor efflux 

transportation of the compound out of the cells through plasma membrane 

[129]. It is therefore possible that large doses of levofloxacin, typically 

producing concentrations of 6 to 7 mg/L or more at which efflux is largely 

impaired resulting in a greater-than-anticipated drug accumulation in the 

cytoplasm imposing greater potential toxicities associated with higher cellular 

and tissue accumulation of the compound [129]. One can connect this 

suggestion to the scenario seen in clinics where the majority of adverse tendon 

incidents is observed around 8 days when treatment occurs  with consecutive 

doses, although symptoms can occur as early as two hours after the first dose 

of the chemical [98, 110, 111]. This is consistent with data on file that reports 

a single dose at 500 mg a day of levofloxacin produces plasma concentrations 

of 9.65 mg/L and the concentration increases significantly with higher or 

repeated doses [142, 143]. 

Besides the predicted unequal transportability in and out of extracellular fluid 

of the compound, homogenate data have indicated that fluoroquinolones also 

penetrated well into lymph, blood, and intracellular fluids of the tissue [144]. 

In circulating and local blood leukocytes, accumulation of fluoroquinolones 

have been reported [145-149] where the uptake of levofloxacin in cells was 
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dependent on peripheral concentrations and higher concentrations of about 4 

to 6 times was observed in intracellular tissues as compared to extracellular 

fluid [149, 150]. Interestingly, both Mg2+ and Ca2+ also were shown to affect 

the passive penetration of the drug where low Mg2+and Ca2+ concentration 

were able to enhance the cellular concentration and toxicity of the compound 

to both blood and tendon cells [151, 152]. The potential mechanism for 

adverse events due to accumulation of levofloxacin in tendon cells was 

similarly to that observed in leukocytes. In the case the of Achilles tendon, the 

disorders were also characterized by edema  that possibly led to the observed 

increased permeability of blood vessels, increased inflammation and 

eukaryotic chemotaxis [128]. This produces chemo-attractants resulting in the 

accumulation of phagocytic blood cells which may further convey levofloxacin 

into the lesions leading to additional compound appearing in the lesions, 

together with phagocytic actions, that produces further harm to tissue leading 

to orthopedic incidents [123, 127]. Moreover, sharing some features in terms 

of dose-related toxicity to tendon cells with other fluoquinolones [139, 153, 

154], levofloxacin also causes significant cell death, activation of extracellular 

matrix metalloproteinase activities and marked reduction of collagen content 

in tendon which significantly weakens the tendon structure even with lower 

doses  compared to other members of the drug family [139, 155]. 

Together with the poor efflux of fluoroquinolones from the  tendon tissue in 

general and in particular with levofloxacin the produces dramatic decreases in 

blood perfusion to tendons, increases in  toxicity by the increased 

concentrations of levofloxacin to tendon cells at cellular level, and resultant 

infiltration of inflammatory cells [128]. Physiological and anatomic structure 

of Achilles tendon can also be contributors to help explain the reason why 

rupture tends to happen at Achilles tendon but very rarely in other tendons 

[156]. It is worth noting that in addition to the poor blood supply in the center 
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of Achilles tendon, which can be worse with levofloxacin, the tendons also 

have to support body weight and are responsible for walking and running, 

which may increase stress to tendons by up to 12.5 times body weight [122, 

157]. The results presented are in agreement with reported cases of Achilles 

tendonitis and ruptures, where most of the symptoms were reported when 

patients were walking or involved in sporting activities. Halting use of the 

medicine together with resting alone or resting in combination with 

supportive treatments can relieve, prevent or reduce the severity of the 

symptoms [101, 109, 156, 158]. In fact, histological studies have observed that 

the pathological features found in tendon disorders produced by 

fuoroquinolones are similar to those seen in overuse excessive exercise use 

injuries in athletes, suggesting that rapid and immense stretching activities 

may impart play a significant role in  the incidents [156, 159]. 

 

4.6. Conclusion 

A growing body of evidence indicates that adverse tendon incidents following 

levofloxacin exposure are critical concern, of which several groups of subjects 

seem to be more susceptible. High risk factors include age, impaired renal 

function, co-administration of other chemicals, individual characteristics, and 

prolonged exposure to the compound. The rationale of this research is to use 

simulation to demonstrate that the incidents can be predicted based upon 

appropriate given information with reliable accuracy leading to the 

appropriate use of the drug and thereby prevent complications. In fact, there is 

a suspected population where levofloxacin penetration is characteristically 

much higher than the typical population suggesting the interference of genetic 

platforms. In the future, with better knowledge of genetic responses together 

with better understanding of biological transportation of levofloxacin in 
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certain circumstances as well as plasma-tendon concentration relationships 

and distribution of the drug in the Achilles tendon, which the susceptibility of 

a single individual to adverse events may be predicted and tendon incidents 

may be limited. Nevertheless, the findings of this simulation model need to be 

further confirmed by experimental studies in the light of plasma and local 

concentrations personalized to individual characteristics.  

The limitations of the studies include lack of in vitro and in vivo information to 

support the observations in this model. However, a similar application has 

proved useful in prediction of the concentrations of a fluoroquinolone in bone 

tissue of patients undergoing hip replacement [160]. According to the results 

of this study, the concentration of levofloxacin in tendon can be up to 9.5 

μg/mL in some cases giving clues for some tendon rupture incidents in clinics. 

To test this hypothesis, an in vivo model for dose and time responses is 

suggested in which injections of the compound at various doses will be 

delivered into one side of Achilles tendon and a similar amount of placebo be 

also delivered to the other side of rodent subjects concomitant with a normal 

oral doses.    
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5. Summary of Conclusions 

Hot-melt coating by direct blending is a simplified, easy and convenient 

process as compared to classic hot-melt methods. The described method could 

potentially be applied to prepare immediate or slow release dosage forms of 

drug using beads or pellet as cores.  

As has been shown in this study, many kinds of waxes have presented 

different capacities in term of drug release when coated onto sugar cores and 

pellet-beads. Future directions include the analysis in detail the possibilities of 

mixing waxes so that the best combination of the materials for a specific drug 

can be identified in the context of controlling the phases of drug release. 

Coating the cores with different layers, all containing drug, can also be done to 

tailor drug release profiles, which could serve a wide range of requests such as 

IR, SR or MR products in pharmaceutical formulation. 

PK M&S were used to analysis of the data from MPH products in this study 

suggesting that the principle of assurance similarity meaning minimal 

deviation between products can be increased without very much negative 

impact to generic manufacturers if an appropriate selection of additional 

barriers in determination of essential similarity adopted by various sponsors 

and the FDA is carried out. The analyses of various pAUC and proposals for a 

new set of criteria for BE approach are presented in this study. Based on the 

available parameters, supervisory agencies can suggest appropriate additional 

metrics to the conventional BE test as a means to further determine accurate 

BE and therapeutic equivalence, especially for MR products. 

This research also use PK M&S to demonstrate that the incidents can be 

predicted based upon appropriate given information with reliable accuracy 

leading to the appropriate use of the drug and thereby prevent complications 

in case of Levofloxacin. In fact, there is a suspected population where 
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levofloxacin penetration is characteristically much higher than the typical 

population suggesting the interference of genetic platforms. In the future, with 

better knowledge of genetic responses together with better understanding of 

biological transportation of levofloxacin in certain circumstances as well as 

plasma-tendon concentration relationships and distribution of the drug in the 

Achilles tendon, which the susceptibility of a single individual to adverse 

events may be predicted and tendon incidents may be limited. Nevertheless, 

the findings of this simulation model need to be further confirmed by 

experimental studies in the light of plasma and local concentrations 

personalized to individual characteristics. 
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APPENDIX 1 
DISSOLUTION PROFILE CURVE FITTING SCRIPT  

function [f,er]=fitting(kind,x,y) 
f1='100*(a*x+0.8490)/325'; 
f2='100*(0.8490*exp(-b*x))/325'; 
f3='100*((sqrt(0.8490)-a*x/3)^2)/325'; 
f4='100*(a*sqrt(x))/325'; 
f5='100*(325*a*x^b)/325'; 
switch kind 
    case 1 
 g = fittype(f1); 
[f,er] = fit( x, y, g ); 
name='Zero order'; 
 case 2 
 g = fittype(f2); 
[f,er] = fit( x, y, g ); 
name='First order'; 
 case 3 
 g = fittype(f3); 
[f,er] = fit( x, y, g ); 
name='Hixson-Crowell'; 
 case 4 
 g = fittype(f4); 
[f,er] = fit( x, y, g ); 
name='Higuchi'; 
 case 5 
 g = fittype(f5); 
[f,er] = fit( x, y, g ); 
name='korsmeyer-Peppas'; 
end 
disp(name) 
plot(f,x,y) 
ylabel('amount APAP released %'); 
xlabel('time (hrs)'); 
legend('Real point', 'Fit') 
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APPENDIX 2 
CONVOLUTION RESULTS 

Time (hr) S10 S10_HRC Time (hr) P_01 P_02 P_03 P_04 
0 0 0 0 0 0 0 0 
0.97959 4.0004 2.49177 0.97959 11.9173 2.05769 3.38456 1.33451 
1.95918 4.3427 2.70603 1.95918 9.40846 2.19034 3.96707 1.51818 
2.93878 4.77344 2.72233 2.93878 6.90032 2.64351 4.38497 1.74479 
3.91837 5.37317 2.96157 3.91837 4.71591 3.16541 4.48827 1.98829 
4.89796 5.40494 3.1245 4.89796 3.64583 3.23025 4.87536 2.04356 
5.87755 4.71478 3.09622 5.87755 3.12176 4.00955 4.68739 2.23726 
6.85714 3.42625 2.67135 6.85714 2.44837 3.52835 4.33189 2.31792 
7.83673 2.57787 2.40569 7.83673 1.73552 3.27081 4.10622 2.38254 
8.81633 1.81507 2.04855 8.81633 1.28162 2.97241 3.53002 2.4327 
9.79592 1.25055 1.79357 9.79592 0.9319 2.75939 3.13126 2.47091 
10.77551 1.10031 1.60406 10.77551 0.60707 2.95067 2.53981 2.57613 
11.7551 0.88084 1.46046 11.7551 0.36326 3.0765 2.10836 2.65178 
12.73469 0.73101 1.29323 12.73469 0.35168 2.47322 1.53766 2.50123 
13.71429 0.55008 1.16706 13.71429 0.34025 2.02482 1.10881 2.38991 
14.69388 0.35423 1.07343 14.69388 0.30966 1.59661 0.86386 2.39667 
15.67347 0.20391 1.00245 15.67347 0.28541 1.26996 0.68058 2.40493 
16.65306 0.21403 0.94851 16.65306 0.2393 0.97964 0.5114 1.97145 
17.63265 0.23178 0.90751 17.63265 0.20202 0.75557 0.38038 1.60638 
18.61224 0.12303 0.87635 18.61224 0.14139 0.60748 0.33374 1.42679 
19.59184 0.02368 0.85266 19.59184 0.09072 0.49786 0.3056 1.30263 
20.57143 0.01027 0.77958 20.57143 0.07354 0.43594 0.18303 0.9784 
21.55102 0.01203 0.71265 21.55102 0.06463 0.39344 0.06936 0.68506 
22.53061 0.00949 0.6657 22.53061 0.09901 0.37411 0.09415 0.65763 
23.5102 0.00724 0.63034 23.5102 0.13712 0.36343 0.14317 0.68909 
24.4898 0.00551 0.50539 24.4898 0.11679 0.29277 0.12274 0.56165 
25.46939 0.00419 0.37363 25.46939 0.08389 0.21597 0.0881 0.41239 
26.44898 0.00318 0.28314 26.44898 0.06337 0.16362 0.06654 0.31227 
27.42857 0.00242 0.21515 27.42857 0.04813 0.12433 0.05054 0.23726 
28.40816 0.00184 0.16353 28.40816 0.03658 0.0945 0.03841 0.18034 
29.38776 0.0014 0.1243 29.38776 0.02781 0.07183 0.0292 0.13708 
30.36735 0.00106 0.09448 30.36735 0.02114 0.0546 0.02219 0.1042 
31.34694 0.00081 0.07182 31.34694 0.01607 0.0415 0.01687 0.0792 
32.32653 0.00061 0.05459 32.32653 0.01221 0.03155 0.01282 0.0602 
33.30612 0.00047 0.04149 33.30612 0.00928 0.02398 0.00975 0.04576 
34.28571 0.00035 0.03154 34.28571 0.00706 0.01823 0.00741 0.03478 
35.26531 0.00027 0.02397 35.26531 0.00536 0.01385 0.00563 0.02644 
36.2449 0.0002 0.01822 36.2449 0.00408 0.01053 0.00428 0.0201 
37.22449 0.00016 0.01385 37.22449 0.0031 0.008 0.00325 0.01528 
38.20408 0.00012 0.01053 38.20408 0.00236 0.00608 0.00247 0.01161 
39.18367 9E-05 0.008 39.18367 0.00179 0.00462 0.00188 0.00883 
40.16327 7E-05 0.00608 40.16327 0.00136 0.00352 0.00143 0.00671 
41.14286 5E-05 0.00462 41.14286 0.00103 0.00267 0.00109 0.0051 
42.12245 4E-05 0.00351 42.12245 0.00079 0.00203 0.00083 0.00388 
43.10204 3E-05 0.00267 43.10204 0.0006 0.00154 0.00063 0.00295 
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Time (hr) S10 S10_HRC Time (hr) P_01 P_02 P_03 P_04 
44.08163 2E-05 0.00203 44.08163 0.00045 0.00117 0.00048 0.00224 
45.06122 2E-05 0.00154 45.06122 0.00035 0.00089 0.00036 0.0017 
46.04082 1E-05 0.00117 46.04082 0.00026 0.00068 0.00028 0.00129 
47.02041 1E-05 0.00089 47.02041 0.0002 0.00052 0.00021 0.00098 
48 1E-05 0.00068 48 0.00015 0.00039 0.00016 0.00075 
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APPENDIX 3 

MEAN PK PARAMETER VALUES FOR VIRTUAL SUBJECTS ADMINISTERED METADATE CD 

PK 

parameter 
(Unit) Subject 

PK 

parameter 
values Subject 

PK 

parameter 
value Subject 

PK 

parameter 
value Subject 

PK 

parameter 
value Subject 

PK 

parameter 
value Subject 

PK 

parameter 
values 

V1F 1 3.969 7 3.108 13 1.798 19 2.927 25 2.972 31 4.443 

K01 1 0.950 7 0.670 13 0.679 19 1.000 25 0.803 31 0.874 

K10 1 0.084 7 0.075 13 0.166 19 0.504 25 0.062 31 0.239 

K12 1 0.195 7 0.016 13 0.018 19 0.006 25 0.004 31 0.012 

K21 1 0.031 7 0.052 13 0.068 19 0.012 25 0.210 31 0.031 

V1F 2 3.122 8 3.886 14 4.779 20 2.974 26 3.794 32 1.405 

K01 2 0.540 8 0.437 14 0.603 20 0.322 26 0.635 32 0.468 

K10 2 0.125 8 0.082 14 0.119 20 0.093 26 0.071 32 0.122 

K12 2 0.012 8 0.009 14 0.002 20 0.002 26 0.010 32 0.008 

K21 2 0.008 8 0.000 14 0.084 20 0.005 26 0.031 32 0.052 

V1F 3 2.727 9 2.309 15 0.950 21 3.485 27 4.937 33 1.069 

K01 3 0.487 9 0.431 15 0.475 21 0.296 27 0.629 33 0.502 

K10 3 0.217 9 0.061 15 0.069 21 0.110 27 0.068 33 0.137 

K12 3 0.006 9 0.041 15 0.008 21 0.002 27 0.037 33 0.007 

K21 3 0.003 9 0.039 15 0.049 21 0.390 27 0.001 33 0.026 

V1F 4 4.368 10 4.660 16 3.276 22 3.106 28 3.820 34 4.154 

K01 4 0.716 10 0.456 16 0.425 22 0.419 28 0.639 34 0.506 

K10 4 0.488 10 0.194 16 0.168 22 0.178 28 0.132 34 0.076 

K12 4 0.027 10 0.004 16 0.010 22 0.022 28 0.013 34 0.025 
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PK 

parameter 
(Unit) Subject 

PK 

parameter 
values Subject 

PK 

parameter 
value Subject 

PK 

parameter 
value Subject 

PK 

parameter 
value Subject 

PK 

parameter 
value Subject 

PK 

parameter 
values 

K21 4 0.063 10 0.068 16 0.001 22 0.014 28 0.002 34 0.377 

V1F 5 3.796 11 1.989 17 2.821 23 3.596 29 3.893 35 2.711 

K01 5 0.313 11 0.462 17 0.370 23 0.426 29 0.333 35 0.546 

K10 5 0.058 11 0.341 17 0.089 23 0.082 29 0.111 35 0.147 

K12 5 0.008 11 0.127 17 0.004 23 0.011 29 0.003 35 0.012 

K21 5 0.007 11 0.003 17 0.010 23 0.192 29 0.105 35 0.126 

V1F 6 4.449 12 6.222 18 3.408 24 3.388 30 2.367 36 5.044 

K01 6 0.823 12 0.654 18 0.950 24 0.415 30 0.633 36 0.909 

K10 6 0.093 12 0.143 18 0.084 24 0.216 30 0.180 36 0.078 

K12 6 0.003 12 0.007 18 0.032 24 0.010 30 0.196 36 0.011 

K21 6 0.030 12 0.232 18 0.681 24 0.011 30 0.057 36 0.029 
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APPENDIX 4 
SIMULATED INDIVIDUAL MPH CONCENTRATIONS FOR METADATE CD 

 Subject 
Time_obs 

(hr) 
Predicted 
(ng/mL) 

 Subject 
Time_obs 

(hr) 
Predicted 
(ng/mL) 

 Subject 
Time_obs 

(hr) 
Predicted 
(ng/mL) 

1 0 0 7 0 0 13 0 0 

1 1 2.64 7 1 2.99 13 1 4.95 

1 1.5 2.99 7 1.5 3.77 13 1.5 6.06 

1 3 2.72 7 3 4.68 13 3 6.8 

1 4 2.26 7 4 4.68 13 4 6.32 

1 6 1.46 7 6 4.22 13 6 4.86 

1 8 0.97 7 8 3.63 13 8 3.53 

1 10 0.69 7 10 3.09 13 10 2.54 

1 12 0.53 7 12 2.63 13 12 1.83 

1 14 0.44 7 14 2.24 13 14 1.34 

1 16 0.39 7 16 1.92 13 16 0.99 

1 18 0.36 7 18 1.65 13 18 0.74 

1 20 0.34 7 20 1.43 13 20 0.57 

1 22 0.33 7 22 1.24 13 22 0.44 

1 24 0.32 7 24 1.08 13 24 0.35 

2 0 0 8 0 0 14 0 0 

2 1 2.48 8 1 1.74 14 1 1.77 

2 1.5 3.17 8 1.5 2.3 14 1.5 2.25 

2 3 3.99 8 3 3.2 14 3 2.78 

2 4 3.97 8 4 3.39 14 4 2.76 
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2 6 3.44 8 6 3.3 14 6 2.4 

2 8 2.76 8 8 2.95 14 8 1.95 

2 10 2.15 8 10 2.55 14 10 1.56 

2 12 1.66 8 12 2.16 14 12 1.23 

2 14 1.27 8 14 1.82 14 14 0.97 

2 16 0.98 8 16 1.52 14 16 0.77 

2 18 0.75 8 18 1.27 14 18 0.61 

2 20 0.58 8 20 1.06 14 20 0.48 

2 22 0.44 8 22 0.89 14 22 0.38 

2 24 0.34 8 24 0.74 14 24 0.3 

3 0 0 9 0 0 15 0 0 

3 1 2.51 9 1 2.87 15 1 7.64 

3 1.5 3.17 9 1.5 3.79 15 1.5 10.07 

3 3 3.79 9 3 5.25 15 3 13.91 

3 4 3.62 9 4 5.55 15 4 14.72 

3 6 2.82 9 6 5.37 15 6 14.42 

3 8 2 9 8 4.8 15 8 13.09 

3 10 1.35 9 10 4.15 15 10 11.55 

3 12 0.89 9 12 3.56 15 12 10.07 

3 14 0.58 9 14 3.06 15 14 8.76 

3 16 0.38 9 16 2.64 15 16 7.6 

3 18 0.24 9 18 2.3 15 18 6.61 

3 20 0.16 9 20 2.02 15 20 5.76 

3 22 0.1 9 22 1.79 15 22 5.03 

3 24 0.07 9 24 1.6 15 24 4.39 

4 0 0 10 0 0 16 0 0 

4 1 1.78 10 1 1.42 16 1 1.92 
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4 1.5 1.96 10 1.5 1.81 16 1.5 2.49 

4 3 1.58 10 3 2.26 16 3 3.22 

4 4 1.16 10 4 2.22 16 4 3.23 

4 6 0.54 10 6 1.83 16 6 2.79 

4 8 0.23 10 8 1.37 16 8 2.17 

4 10 0.1 10 10 0.98 16 10 1.62 

4 12 0.05 10 12 0.69 16 12 1.17 

4 14 0.03 10 14 0.48 16 14 0.84 

4 16 0.02 10 16 0.33 16 16 0.6 

4 18 0.02 10 18 0.23 16 18 0.42 

4 20 0.01 10 20 0.16 16 20 0.3 

4 22 0.01 10 22 0.11 16 22 0.21 

4 24 0.01 10 24 0.08 16 24 0.15 

5 0 0 11 0 0 17 0 0 

5 1 1.37 11 1 2.92 17 1 2.09 

5 1.5 1.87 11 1.5 3.47 17 1.5 2.8 

5 3 2.87 11 3 3.46 17 3 4.05 

5 4 3.22 11 4 2.9 17 4 4.38 

5 6 3.48 11 6 1.72 17 6 4.4 

5 8 3.4 11 8 0.91 17 8 4.03 

5 10 3.17 11 10 0.46 17 10 3.52 

5 12 2.88 11 12 0.22 17 12 3.01 

5 14 2.59 11 14 0.11 17 14 2.55 

5 16 2.3 11 16 0.06 17 16 2.14 

5 18 2.04 11 18 0.03 17 18 1.79 

5 20 1.8 11 20 0.02 17 20 1.5 

5 22 1.59 11 22 0.02 17 22 1.25 
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5 24 1.4 11 24 0.02 17 24 1.05 

6 0 0 12 0 0 18 0 0 

6 1 2.39 12 1 1.42 18 1 3.38 

6 1.5 2.93 12 1.5 1.77 18 1.5 4.04 

6 3 3.39 12 3 2.08 18 3 4.49 

6 4 3.28 12 4 2 18 4 4.3 

6 6 2.84 12 6 1.64 18 6 3.74 

6 8 2.37 12 8 1.27 18 8 3.19 

6 10 1.97 12 10 0.97 18 10 2.72 

6 12 1.63 12 12 0.73 18 12 2.32 

6 14 1.35 12 14 0.56 18 14 1.98 

6 16 1.12 12 16 0.42 18 16 1.69 

6 18 0.93 12 18 0.32 18 18 1.44 

6 20 0.77 12 20 0.24 18 20 1.23 

6 22 0.64 12 22 0.19 18 22 1.05 

6 24 0.53 12 24 0.14 18 24 0.89 

19 0 0 25 0 0 31 0 0 

19 1 3.24 25 1 3.58 31 1 2.28 

19 1.5 3.38 25 1.5 4.44 31 1.5 2.63 

19 3 2.33 25 3 5.37 31 3 2.52 

19 4 1.56 25 4 5.36 31 4 2.12 

19 6 0.62 25 6 4.92 31 6 1.37 

19 8 0.23 25 8 4.38 31 8 0.85 

19 10 0.09 25 10 3.88 31 10 0.53 

19 12 0.03 25 12 3.43 31 12 0.33 

19 14 0.01 25 14 3.04 31 14 0.21 

19 16 0.01 25 16 2.69 31 16 0.13 
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19 18 0 25 18 2.39 31 18 0.09 

19 20 0 25 20 2.12 31 20 0.06 

19 22 0 25 22 1.88 31 22 0.04 

19 24 0 25 24 1.66 31 24 0.03 

20 0 0 26 0 0 32 0 0 

20 1 1.76 26 1 2.37 32 1 4.96 

20 1.5 2.39 26 1.5 3.02 32 1.5 6.45 

20 3 3.54 26 3 3.84 32 3 8.5 

20 4 3.89 26 4 3.9 32 4 8.69 

20 6 4.02 26 6 3.6 32 6 7.86 

20 8 3.74 26 8 3.15 32 8 6.54 

20 10 3.32 26 10 2.72 32 10 5.25 

20 12 2.86 26 12 2.33 32 12 4.15 

20 14 2.43 26 14 2.01 32 14 3.27 

20 16 2.04 26 16 1.73 32 16 2.57 

20 18 1.71 26 18 1.49 32 18 2.03 

20 20 1.42 26 20 1.29 32 20 1.6 

20 22 1.18 26 22 1.12 32 22 1.28 

20 24 0.98 26 24 0.97 32 24 1.02 

21 0 0 27 0 0 33 0 0 

21 1 1.39 27 1 1.79 33 1 6.83 

21 1.5 1.88 27 1.5 2.26 33 1.5 8.78 

21 3 2.8 27 3 2.81 33 3 11.21 

21 4 3.08 27 4 2.8 33 4 11.23 

21 6 3.16 27 6 2.48 33 6 9.79 

21 8 2.92 27 8 2.07 33 8 7.85 

21 10 2.56 27 10 1.7 33 10 6.09 
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21 12 2.17 27 12 1.38 33 12 4.66 

21 14 1.81 27 14 1.12 33 14 3.54 

21 16 1.49 27 16 0.91 33 16 2.69 

21 18 1.22 27 18 0.74 33 18 2.05 

21 20 0.99 27 20 0.61 33 20 1.56 

21 22 0.8 27 22 0.49 33 22 1.2 

21 24 0.65 27 24 0.4 33 24 0.92 

22 0 0 28 0 0 34 0 0 

22 1 1.98 28 1 2.28 34 1 1.81 

22 1.5 2.55 28 1.5 2.85 34 1.5 2.36 

22 3 3.26 28 3 3.39 34 3 3.17 

22 4 3.23 28 4 3.27 34 4 3.31 

22 6 2.72 28 6 2.69 34 6 3.18 

22 8 2.07 28 8 2.09 34 8 2.86 

22 10 1.5 28 10 1.58 34 10 2.51 

22 12 1.06 28 12 1.19 34 12 2.19 

22 14 0.74 28 14 0.89 34 14 1.9 

22 16 0.52 28 16 0.67 34 16 1.65 

22 18 0.37 28 18 0.5 34 18 1.44 

22 20 0.26 28 20 0.38 34 20 1.25 

22 22 0.19 28 22 0.29 34 22 1.08 

22 24 0.14 28 24 0.22 34 24 0.94 

23 0 0 29 0 0 35 0 0 

23 1 1.84 29 1 1.37 35 1 2.85 

23 1.5 2.43 29 1.5 1.84 35 1.5 3.61 

23 3 3.41 29 3 2.67 35 3 4.45 

23 4 3.64 29 4 2.89 35 4 4.36 
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23 6 3.58 29 6 2.89 35 6 3.67 

23 8 3.24 29 8 2.61 35 8 2.87 

23 10 2.84 29 10 2.24 35 10 2.19 

23 12 2.46 29 12 1.87 35 12 1.66 

23 14 2.11 29 14 1.54 35 14 1.26 

23 16 1.81 29 16 1.25 35 16 0.96 

23 18 1.55 29 18 1.02 35 18 0.73 

23 20 1.33 29 20 0.82 35 20 0.56 

23 22 1.14 29 22 0.67 35 22 0.44 

23 24 0.98 29 24 0.54 35 24 0.34 

24 0 0 30 0 0 36 0 0 

24 1 1.78 30 1 3.24 36 1 2.25 

24 1.5 2.28 30 1.5 3.8 36 1.5 2.72 

24 3 2.85 30 3 3.71 36 3 3.08 

24 4 2.79 30 4 3.13 36 4 2.97 

24 6 2.27 30 6 2.01 36 6 2.58 

24 8 1.66 30 8 1.29 36 8 2.18 

24 10 1.15 30 10 0.9 36 10 1.84 

24 12 0.78 30 12 0.69 36 12 1.56 

24 14 0.52 30 14 0.58 36 14 1.32 

24 16 0.34 30 16 0.52 36 16 1.12 

24 18 0.22 30 18 0.48 36 18 0.95 

24 20 0.15 30 20 0.45 36 20 0.81 

24 22 0.1 30 22 0.42 36 22 0.7 

24 24 0.07 30 24 0.4 36 24 0.6 
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APPENDIX 5  
MATLAB CODE PROGRAMMING USED IN METHOD 2 DETERMINING THE 

PROBABILITY OF PASSING BE 

%%%STEP 1: Determination of AUC calculation from 0 to t2, from 0 to 

tlast, and from 0 to infinity (100 hr)%%% 

clear all; 
close all; 
t2=1; 
t3=36; 
t4=100; 

  

  
s1=0; 
s2=0; 
s3=0; 
s4=0; 
%%%STEP 2: Input of 36 Individual PK parameter%%% 

c= xlsread('Pk.xls'); 
for i=1:36 
a(i,1)=c((i-1)*5+1,3); 
a(i,2)=c((i-1)*5+2,3); 
a(i,3)=c((i-1)*5+3,3); 
a(i,4)=c((i-1)*5+4,3); 
a(i,5)=c((i-1)*5+5,3); 
end 
Z=1./a(:,1); 
ka=a(:,2); 
kel=a(:,3); 
k12=a(:,4); 
k21=a(:,5); 
T lag=zeros(36,1); 
D=20000; 
%%%STEP 3: Input of Individual drug concentration time profile of 

36 subjects%%% 

b= xlsread('raw.xls'); 
s=1; 
for i=1:15:size(b,1)-1 
time(s,:)=b(i:i+14,2); 
con(s,:)=b(i:i+14,3); 
s=s+1; 
end 
t= 0:0.01:24; 
for i=1:size(time,2) 
timer(i)=find(t==time(1,i)); 
end 
a1= find(time(1,:)==0); 
a2= find(time(1,:)==t2); 
b1= find(time(1,:)==0); 
b2= find(time(1,:)==24); 
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%%%STEP 4: Simulation of drug concentration profiles for the test 

product base on individual PK data obtained from individual drug 

concentration time profiles of the Reference; Ka and Ke values will 

be generated with predetermined intra subject CV ranged from 0% to 

60% %%% 

for o=1:30 
 

kaStd=o*0.025; 
for l=1:30 
N=1000;%%%number of the test drug profiles will be simulated which 

also is the number of BE 2-way crossover studies%%%% 
kelStd=l*0.005; 
for j=1:N 
for i=1:size(a) 
karr=mclognorm(ka(i),kaStd,100); 
karr(karr<0)=[]; 
karr(karr>1)=[]; 
kelrr=randn(1,100)*kelStd+kel(i); 
kelrr(kelrr<0)=[]; 
kelrr(kelrr>1)=[]; 
% T lagrr(T lagrr>1)=[]; 
kar(i) = randsample(karr,1); 
kelr(i) = randsample(kelrr,1); 
karr=[]; 
kelrr=[]; 
end 
a = 1/2*(k12+k21+kelr' + sqrt((k12+k21+kelr').^2-4*k21.*kelr')); 
b = 1/2*(k12+k21+kelr' - sqrt((k12+k21+kelr').^2-4*k21.*kelr')); 
for i=1:length(ka) 
t= 0:0.01:24; 
[A1r,A2r,A3r]=cofficientA(a(i),b(i),kar(i),k21(i),Z(i),D); 
Cr(1,1:length(t)) = A1r*exp(-a(i)*(t-T lag(i)))+A2r*exp(-b(i)*(t-T 

lag(i)))+ A3r*exp(-kar(i)*(t-T lag(i))); 
Conr=Cr(timer); 
for m=1:size(Conr,2) 
if Conr(m)<0 
Conr(m)=0; 
end 
end 
%%%STEP 5: AUC calculation using trapezoidal rule set up%%%  
Area_r(i)=log(trapz(time(i,a1:a2),Conr(a1:a2))); 
%   Area_r(i) = log( A1r*(exp(-a(i)*T lagr(i))-exp(-a(i)*t2))/a(i) 

+ A2r*(exp(-b(i)*T lagr(i))-exp(-b(i)*t2))/b(i)+ A3r*(exp(-kar(i)*T 

lagr(i))-exp(-kar(i)*t2))/kar(i) ); 
Area_r1(i)=log(trapz(time(i,b1:b2),Conr(b1:b2))); 
% Area_r2(i)=log(trapz(time(i,c1:c2),Conr(c1:c2))); 
Area_r2(i)=log(trapz(time(i,b1:b2),Conr(b1:b2))+Conr(b2)/kelr(i)) ; 
Cmaxr(i)= log( max(Cr(1,:)) ); 
if find(Conr(:)== max(Conr(:)))~=15 
Area_r3(i)=log(trapz(time(i,find(Conr(:)== 

max(Conr(:))):b2),Conr(find(Conr(:)== 

max(Conr(:))):b2))+Conr(b2)/kelr(i)) ; 
else 
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Area_r3(i)=log(Conr(b2)/kelr(i)); 
end 
% tmaxr(i)=log(time(i,find(Conr(:)== max(Conr(:))))); 
Area_ref(i)=log(trapz(time(i,a1:a2),con(i,a1:a2))); 
Area_ref1(i)=log(trapz(time(i,b1:b2),con(i,b1:b2))); 
Area_ref2(i)=log(trapz(time(i,b1:b2),con(i,b1:b2))+con(i,b2)/kel(i)

) ; 
% Area_ref2(i)=log(trapz(time(i,c1:c2),con(i,c1:c2))); 
Cmaxref(i)=log(max(con(i,:))); 
if find(con(i,:)== max(con(i,:)))~=15 
Area_ref3(i)=log(trapz(time(i,find(con(i,:)== 

max(con(i,:))):b2),con(i,find(con(i,:)== 

max(con(i,:))):b2))+con(i,b2)/kel(i)) ; 
else 
Area_ref3(i)=log(con(i,b2)/kel(i)); 
end 
% tmaxref(i)=log(time(i,find(con(i,:)== max(con(i,:))))); 
end 
% for i=1:size(time,1) 
% 
% end 
% diffCmaxt=sum(Cmaxref)/(length(Cmaxref))-

sum(Cmaxr)/(length(Cmaxr));ddd 
% diff1t=sum(Area_ref)/(length(Area_ref))-

sum(Area_r)/(length(Area_r)); 
% gmr(j)=exp(diff1t); 
[h,p,ci] = ttest(Cmaxref,Cmaxr,0.1); 
CmaxL=exp(ci(1)); 
CmaxU=exp(ci(2)); 
%%%STEP 6: AUC Added%%% 
[h,p,ci] = ttest(Area_ref,Area_r,0.1); 
AucL=exp(ci(1)); 
AucU=exp(ci(2)); 
[h,p,ci] = ttest(Area_ref1,Area_r1,0.1); 
AucL1=exp(ci(1)); 
AucU1=exp(ci(2)); 
[h,p,ci] = ttest(Area_ref2,Area_r2,0.1); 
AucL2=exp(ci(1)); 
AucU2=exp(ci(2)); 
[h,p,ci] = ttest(Area_ref3,Area_ref3,0.1); 
AucL3=exp(ci(1)); 
AucU3=exp(ci(2)); 
% [h,p,ci] = ttest(Area_ref2,Area_r2); 
% AucL2=exp(ci(1)); 
% AucU2=exp(ci(2)); 
if 

(CmaxL>=0.8&&CmaxU<=1.25)&&(AucL1>=0.8&&AucU1<=1.25)&&(AucL2>=0.8&&

AucU2<=1.25) 
s2=s2+1; 
end 
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if   

(CmaxL>=0.8&&CmaxU<=1.25)&&(AucL1>=0.8&&AucU1<=1.25)&&(AucL2>=0.8&&

AucU2<=1.25)&& (AucL3>=0.8&&AucU3<=1.25) 
    s3=s3+1; 
end 
    if 

(CmaxL>=0.8&&CmaxU<=1.25)&&(AucL1>=0.8&&AucU1<=1.25)&&(AucL2>=0.8&&

AucU2<=1.25)&& (AucL3>=0.8&&AucU3<=1.25)&&(AucL>=0.8&&AucU<=1.25) 
        s4=s4+1; 
    end 

  
% Area_r=[]; 
% Area_ref=[]; 
% Cmaxr=[]; 
% Cmaxref=[]; 
% L1(j)=CmaxL; 
% U1(j)=CmaxU; 
% L2(j)=AucL; 
% U2(j)=AucU; 
end 
for i=1:size(ka,1) 
tem=[ka(i) kar(i)]; 
S(i)=std(tem); 
M(i)=mean(tem); 
tem=[]; 
temt=[kel(i) kelr(i)]; 
St(i)=std(temt); 
Mt(i)=mean(temt); 
temt=[]; 
end 
CVka(o,l)=mean(S./M); 
CVkel(o,l)=mean(St./Mt); 
p01(o,l)=s2/N; 
p02(o,l)=s3/N; 
p03(o,l)=s4/N; 

  
s2=0; 
s3=0; 
s4=0;% 
% plot(time(i,:),con(i,:)) 
% hold on 
% plot(time(i,:),Conr) 
end 
end 
for i=1:size(p01,1) 
CVkam(i)=mean(CVka(i,:)); 
CVkelm(i)=mean(CVkel(:,i)); 
end 
% surf(CVkam,CVT lagm,p01) 
% Create figure 
 %%%STEP 7: Obtain figures, figure 1 is the probability of passing 

set of 3 conventional BE criteria, Figure 2 is the probability of 
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passing set of 4, set of 3 plus AUC06-36, and figure 3 is the 

probability of passing set of 5 (set of 4 plus AUC0-t2%%% 
figure(1) 
surf(CVkam,CVkelm,p01); 
colorbar 
xlabel('Ka CV') 
ylabel('ke CV') 

  
figure(2) 
surf(CVkam,CVkelm,p02); 
colorbar 
xlabel('Ka CV') 
ylabel('Ke CV') 

  
figure(3) 
surf(CVkam,CVkelm,p03); 
colorbar 
xlabel('Ka CV') 
ylabel('Ke CV') 
STEP 8: EXCEL TABLE OUTPUT%%%  
%kam===j 
%T lagm==i 
for i=1:30 
for j=1:30 
x1( (i-1)*30+j)=CVkam(j); 
y1((i-1)*30+j)=CVkelm(i); 
z1((i-1)*30+j)=p01(i,j); 
end 
end 
A=[x1' y1' z1']; 
xlswrite('resulttestt2eq1N1000Feb17.xls', A); 
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APPENDIX 6 
EXCEL TABLE OUTPUT EXAMPLE FROM MATLAB PROGRAMMING CODE FOR METHOD 2 (MONTE CARLO 

SIMULATION BASED KA AND T LAG) 

Probability of passing BE (AUC0-5, AUC5-36, AUClast, AUCinf and Cmax) with various ka and T lag’s CVs  

 

KaCV T lagCV Probability KaCV T lagCV Probability KaCV T lagCV Probability KaCV T lagCV Probability 

0.039083 0.050522 1 0.616117 0.050522 0.403 0.616117 0.093003 0.316 0.616117 0.142108 0.279 

0.070968 0.050522 1 0.039083 0.093003 1 0.039083 0.142108 1 0.039083 0.187714 0.996 

0.103064 0.050522 1 0.070968 0.093003 1 0.070968 0.142108 1 0.070968 0.187714 0.992 

0.134167 0.050522 1 0.103064 0.093003 1 0.103064 0.142108 1 0.103064 0.187714 0.995 

0.174607 0.050522 1 0.134167 0.093003 1 0.134167 0.142108 1 0.134167 0.187714 0.992 

0.195308 0.050522 1 0.174607 0.093003 1 0.174607 0.142108 1 0.174607 0.187714 0.992 

0.234974 0.050522 1 0.195308 0.093003 1 0.195308 0.142108 1 0.195308 0.187714 0.994 

0.254481 0.050522 1 0.234974 0.093003 1 0.234974 0.142108 1 0.234974 0.187714 0.993 

0.278979 0.050522 1 0.254481 0.093003 1 0.254481 0.142108 1 0.254481 0.187714 0.995 

0.291344 0.050522 1 0.278979 0.093003 1 0.278979 0.142108 1 0.278979 0.187714 0.993 

0.309475 0.050522 1 0.291344 0.093003 1 0.291344 0.142108 1 0.291344 0.187714 0.99 

0.351227 0.050522 1 0.309475 0.093003 1 0.309475 0.142108 0.999 0.309475 0.187714 0.987 

0.363756 0.050522 1 0.351227 0.093003 1 0.351227 0.142108 0.999 0.351227 0.187714 0.974 

0.386547 0.050522 1 0.363756 0.093003 1 0.363756 0.142108 0.998 0.363756 0.187714 0.969 

0.407609 0.050522 1 0.386547 0.093003 1 0.386547 0.142108 1 0.386547 0.187714 0.947 

0.43086 0.050522 0.999 0.407609 0.093003 1 0.407609 0.142108 0.992 0.407609 0.187714 0.96 

0.411116 0.050522 1 0.43086 0.093003 0.998 0.43086 0.142108 0.988 0.43086 0.187714 0.924 

0.445907 0.050522 0.997 0.411116 0.093003 0.996 0.411116 0.142108 0.976 0.411116 0.187714 0.886 

0.501158 0.050522 0.992 0.445907 0.093003 0.991 0.445907 0.142108 0.966 0.445907 0.187714 0.849 

0.499652 0.050522 0.983 0.501158 0.093003 0.977 0.501158 0.142108 0.939 0.501158 0.187714 0.785 
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KaCV T lagCV Probability KaCV T lagCV Probability KaCV T lagCV Probability KaCV T lagCV Probability 

0.478157 0.050522 0.966 0.499652 0.093003 0.961 0.499652 0.142108 0.89 0.499652 0.187714 0.772 

0.52348 0.050522 0.94 0.478157 0.093003 0.942 0.478157 0.142108 0.856 0.478157 0.187714 0.689 

0.531026 0.050522 0.901 0.52348 0.093003 0.88 0.52348 0.142108 0.778 0.52348 0.187714 0.619 

0.531005 0.050522 0.832 0.531026 0.093003 0.832 0.531026 0.142108 0.724 0.531026 0.187714 0.552 

0.540476 0.050522 0.777 0.531005 0.093003 0.781 0.531005 0.142108 0.626 0.531005 0.187714 0.487 

0.562644 0.050522 0.71 0.540476 0.093003 0.689 0.540476 0.142108 0.554 0.540476 0.187714 0.396 

0.597373 0.050522 0.637 0.562644 0.093003 0.627 0.562644 0.142108 0.479 0.562644 0.187714 0.369 

0.599955 0.050522 0.547 0.597373 0.093003 0.531 0.597373 0.142108 0.449 0.597373 0.187714 0.28 

0.620305 0.050522 0.475 0.599955 0.093003 0.471 0.599955 0.142108 0.344 0.599955 0.187714 0.24 

… … … 0.620305 0.093003 0.401 0.620305 0.142108 0.300 0.620305 0.187714 0.195 
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APPENDIX 7 
SAMPLE SIZE CALCULATION FOR BE TRIAL EXAMPLE 

CV =    0.2000 

Sample Size Selection Program with CV=0.2 

Estimated Probability of Study Meeting 80-125% (Log-transformed) Criteria 

for Various Study Sizes (Total Number of Subjects in 2x2 Crossover) 

Intra Subject CV (of Log-transf. Parameter)= 0.2 

Total # subjects                 True Ratio of Test and Reference             

      85%     90%     95%     100%    105%    110%    115%    120% 

      12           14.71   33.38   53.57   62.10   54.33   37.33   21.10   10.42 

      13           15.93   36.91   59.14   68.32   59.96   41.31   23.13   11.11 

      14           17.01   40.08   63.92   73.51   64.79   44.86   24.96   11.70 

      15           18.01   42.98   68.06   77.86   68.95   48.08   26.66   12.24 

      16           18.95   45.66   71.66   81.51   72.57   51.03   28.26   12.74 

      17           19.84   48.17   74.81   84.56   75.72   53.76   29.79   13.21 

      18           20.71   50.53   77.58   87.11   78.48   56.31   31.26   13.66 

      19           21.56   52.77   80.02   89.25   80.90   58.69   32.69   14.10 

      20           22.39   54.89   82.18   91.04   83.03   60.94   34.09   14.52 

      21           23.20   56.92   84.09   92.54   84.91   63.05   35.45   14.95 

      22           24.00   58.85   85.78   93.79   86.57   65.06   36.78   15.36 
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      23           24.80   60.71   87.30   94.83   88.05   66.95   38.08   15.77 

      24           25.58   62.48   88.64   95.70   89.36   68.74   39.37   16.17 

      25           26.35   64.18   89.84   96.43   90.52   70.45   40.62   16.57 

      26           27.12   65.80   90.92   97.03   91.56   72.06   41.86   16.96 

      27           27.88   67.36   91.88   97.54   92.48   73.59   43.07   17.36 

      28           28.63   68.86   92.74   97.96   93.30   75.05   44.26   17.75 

      29           29.37   70.29   93.50   98.31   94.03   76.43   45.43   18.13 

      30           30.11   71.66   94.19   98.60   94.68   77.73   46.59   18.51 

      31           30.84   72.97   94.81   98.84   95.26   78.97   47.72   18.89 

      32           31.57   74.23   95.36   99.04   95.78   80.15   48.83   19.27 

      33           32.29   75.44   95.85   99.20   96.24   81.27   49.92   19.65 

      34           33.00   76.59   96.29   99.34   96.66   82.32   50.99   20.02 

      35           33.70   77.70   96.69   99.46   97.03   83.32   52.05   20.39 

      36           34.41   78.75   97.04   99.55   97.35   84.27   53.08   20.76 

      37           35.10   79.76   97.36   99.63   97.65   85.17   54.10   21.12 

      38           35.79   80.73   97.64   99.69   97.91   86.02   55.09   21.49 

      39           36.47   81.65   97.90   99.75   98.14   86.82   56.07   21.85 

      40           37.15   82.54   98.13   99.79   98.35   87.58   57.04   22.21 

      41           37.82   83.38   98.33   99.83   98.53   88.30   57.98   22.57 
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      42           38.48   84.19   98.51   99.86   98.69   88.98   58.91   22.93 

      43           39.15   84.96   98.67   99.88   98.84   89.63   59.82   23.28 

      44           39.80   85.69   98.82   99.90   98.97   90.23   60.71   23.64 

      45           40.45   86.39   98.95   99.92   99.09   90.81   61.59   23.99 

      46           41.09   87.06   99.06   99.93   99.19   91.35   62.45   24.34 

      47           41.73   87.70   99.16   99.95   99.28   91.86   63.29   24.69 

      48           42.36   88.31   99.26   99.96   99.36   92.34   64.11   25.04 

      49           42.99   88.89   99.34   99.96   99.43   92.80   64.93   25.38 

      50           43.61   89.44   99.41   99.97   99.50   93.23   65.72   25.73 
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APPENDIX 8  
EXCEL TABLE OUTPUT EXAMPLE FROM MATLAB PROGRAMMING CODE FOR METHOD 2 (MONTE CARLO 

SIMULATION BASED KA AND KE)  

 Probability of passing set of 4 criteria (AUC0-6, AUClast, AUCinf and Cmax) with various Ka and Ke CVs 

Ka CV Ke CV Probability Ka CV Ke CV Probability Ka CV Ke CV Probability Ka CV Ke CV Probability Ka CV Ke CV Probability 

0.027 0.025 1.000 0.054 0.214 0.996 0.082 0.319 0.219 0.105 0.440 0.000 0.133 0.381 0.014 

0.027 0.053 1.000 0.054 0.222 0.986 0.082 0.332 0.130 0.105 0.463 0.000 0.133 0.387 0.004 

0.027 0.078 1.000 0.054 0.261 0.929 0.082 0.356 0.073 0.133 0.025 0.950 0.133 0.386 0.005 

0.027 0.109 1.000 0.054 0.271 0.818 0.082 0.367 0.058 0.133 0.053 0.956 0.133 0.406 0.001 

0.027 0.144 1.000 0.054 0.290 0.700 0.082 0.371 0.023 0.133 0.078 0.943 0.133 0.402 0.000 

0.027 0.166 1.000 0.054 0.285 0.497 0.082 0.381 0.010 0.133 0.109 0.949 0.133 0.417 0.002 

0.027 0.186 1.000 0.054 0.311 0.331 0.082 0.387 0.010 0.133 0.144 0.954 0.133 0.424 0.000 

0.027 0.214 0.998 0.054 0.319 0.208 0.082 0.386 0.003 0.133 0.166 0.955 0.133 0.423 0.000 

0.027 0.222 0.981 0.054 0.332 0.136 0.082 0.406 0.001 0.133 0.186 0.938 0.133 0.437 0.000 

0.027 0.261 0.930 0.054 0.356 0.067 0.105 0.025 0.995 0.133 0.214 0.944 0.133 0.440 0.000 

0.027 0.271 0.830 0.054 0.367 0.046 0.105 0.053 0.997 0.133 0.222 0.923 0.133 0.463 0.000 

0.027 0.290 0.671 0.054 0.371 0.019 0.105 0.078 0.991 0.133 0.261 0.894 0.157 0.025 0.840 

0.027 0.285 0.520 0.054 0.381 0.014 0.105 0.109 0.992 0.133 0.271 0.767 0.157 0.053 0.854 

0.027 0.311 0.346 0.054 0.387 0.005 0.105 0.144 0.992 0.133 0.290 0.646 0.157 0.078 0.831 

0.027 0.319 0.236 0.054 0.386 0.004 0.105 0.166 0.990 0.133 0.285 0.460 0.157 0.109 0.853 

0.027 0.332 0.139 0.054 0.406 0.004 0.105 0.186 0.994 0.133 0.311 0.321 0.157 0.144 0.842 

0.027 0.356 0.071 0.054 0.402 0.001 0.105 0.214 0.990 0.133 0.319 0.210 0.157 0.166 0.847 

0.027 0.367 0.037 0.054 0.417 0.001 0.105 0.222 0.969 0.133 0.332 0.150 0.157 0.186 0.837 

0.027 0.371 0.028 0.054 0.424 0.000 0.105 0.261 0.926 0.133 0.356 0.070 0.157 0.214 0.850 

0.027 0.381 0.008 0.054 0.423 0.000 0.105 0.271 0.805 0.133 0.367 0.034 0.157 0.222 0.809 

0.027 0.387 0.007 0.054 0.437 0.000 0.105 0.290 0.641 0.133 0.371 0.020 0.157 0.261 0.741 
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Ka CV Ke CV Probability Ka CV Ke CV Probability Ka CV Ke CV Probability Ka CV Ke CV Probability Ka CV Ke CV Probability 

0.027 0.386 0.009 0.054 0.440 0.000 0.105 0.285 0.483 0.180 0.053 0.725 0.157 0.271 0.674 

0.027 0.406 0.002 0.054 0.463 0.000 0.105 0.311 0.329 0.180 0.078 0.717 0.157 0.290 0.542 

0.027 0.402 0.000 0.082 0.025 1.000 0.105 0.319 0.227 0.180 0.109 0.711 0.157 0.285 0.415 

0.027 0.417 0.001 0.082 0.053 1.000 0.105 0.332 0.137 0.180 0.144 0.726 0.157 0.311 0.297 

0.027 0.424 0.000 0.082 0.078 0.999 0.105 0.356 0.082 0.180 0.166 0.715 0.157 0.319 0.196 

0.027 0.423 0.000 0.082 0.109 1.000 0.105 0.367 0.048 0.180 0.186 0.731 0.157 0.332 0.102 

0.027 0.437 0.000 0.082 0.144 1.000 0.105 0.371 0.026 0.180 0.214 0.733 0.157 0.356 0.068 

0.027 0.440 0.000 0.082 0.166 1.000 0.105 0.381 0.012 0.180 0.222 0.725 0.157 0.367 0.040 

0.027 0.463 0.000 0.082 0.186 1.000 0.105 0.387 0.009 0.180 0.261 0.669 0.157 0.371 0.021 

0.054 0.025 1.000 0.082 0.214 0.999 0.105 0.386 0.004 0.180 0.271 0.607 0.157 0.381 0.006 

0.054 0.053 1.000 0.082 0.222 0.988 0.105 0.406 0.001 0.180 0.290 0.476 0.157 0.387 0.006 

0.054 0.078 1.000 0.082 0.261 0.929 0.105 0.402 0.004 0.180 0.285 0.352 0.157 0.386 0.003 

0.054 0.109 1.000 0.082 0.271 0.807 0.105 0.417 0.000 0.180 0.311 0.229 0.157 0.406 0.002 

0.054 0.144 1.000 0.082 0.290 0.663 0.105 0.424 0.000 0.180 0.319 0.139 0.157 0.402 0.000 

0.054 0.166 1.000 0.082 0.285 0.513 0.105 0.423 0.000 0.180 0.332 0.080 0.157 0.417 0.001 

0.054 0.186 1.000 0.082 0.311 0.349 0.105 0.437 0.000 0.180 0.356 0.050 0.157 0.424 0.000 
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APPENDIX 9 
DERIVATION OF DRUG CONCENTRATION IN PLASMA AND TISSUE COMPARTMENT AFTER SINGLE DOSING 

IV INFUSION ADMINISTRATION USING LAPLACE TRANSFORMS 

Recall the ordinary differential equations 2 and 3 above: 

   
  

     ( ( )   (   ))        (       )   

   
  

             

Where:  ( ) is the unit function  

 ( )   {
               
               

 

and   is the duration time of infusion. 

Using the Laplace transform, we have the following equation in the s domain: 

   ( )    ( )  
    
 
(      )       ( )  (       )  ( ) 

   ( )    ( )       ( )       ( ) 

Where:   ( )   ( ) are the initial conditions of   ( )   ( ). 

At t= 0:   ( )    ( )   .
 

Linear equation and solution are as follows: 
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Moreover,
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Where:     
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Now, by the inverse Laplace transform, we have the solution for   ( )   ( ) in the time domain: 
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APPENDIX 10 
DERIVATIONS OF DRUG CONCENTRATION IN COMPARTMENT AFTER AND ADMINISTRATION OF IV 

INFUSION MULTIPLE DOSE USING LAPLACE TRANSFORMS 

For a simulation of a 7 days treatment duration and 1 dose was administered a day,  ( )   (   ) was replaced 

by  ∑ ( (     )   (       )) 
    in the above differential equations (Equation 6 and 7). And as a result, 

(      ) was replaced by ∑ (         (     ) ) 
    in its representation in the s domain. Therefore, we had a 

similar solution for   ( )   ( ) as follows:  ( )    (∑ (     (     )) (     )  (     (       )) (   
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And, 
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APPENDIX 11 
SIMULINK FOR SINGLE AND MULTIPLE DOSE IV INFUSION ADMINISTRATION 

 

In the Monte Carlo Simulation programming for levofloxacin, random function (rand) was used to randomly select 

pharmacokinetic parameter values which were associated to their distribution. The bounds for each PK parameter 

were set in accordance with the PK parameter values obtained (Table 21). 

 Simulink is a tool of Matlab to simulate signals and states in a system which is modeled by a set of 

equations. A system of 2 differential equations to describe plasma concentrations were in compartment 1 

(Equations 8 and 10) and tendon concentration were in compartment 2 (Equations 9 and 11). Therefore, Simulink 

was used to find determine how these concentrations vary over time.  
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Figure 45: Simulink for Intravenous infusion 1 hour q24 for 7 days 

The block Plasma (X1) and Tissue(X2) were two integrators. They took the 

integration of the inputs dX1/dt, dX2/dt and returned the outputs X1 and X2. 

The block Pulse Generator 1 was to reset the integrator Plasma compartment 

each 24 time steps (corresponding to 24 hr per day) 

The block Pulse Generator was to describe multiple doses: One dose oral or 

infusion calculated as amount over the time of infusion or duration of 

absorption (1 time step) dose per 24 hr (24 time steps). 

The other blocks including gain blocks:  K12, K21, Kel, 1/V1, 1/V2, and sum 

blocks were to implement the left hand side of each of two differential 

equations. Concentration time profiles in two compartments were obtained in 

two scope blocks by running this simulation. 
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