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ABSTRACT. In a recent food effect clinical study, the authors concluded that a meal
consisting of >500 kcal, regardless of fat content, produced the maximal bioavailability for
ziprasidone. Using GastroPlus™, a commercially available pharmacokinetic simulation
software, a semiphysiological model—a kind of physiologically based pharmacokinetic
(PBPK) absorption model—was developed that could predict the concentration-time profiles
when ziprasidone was administered with any one of the five test meals or fasting. Ziprasidone
intravenous pharmacokinetics and oral absorption permeability were determined from
clinical studies following the intravenous and duodenal infusion of ziprasidone to volunteers.
From the detailed dietary information of each meal provided in the previously published
food effect study, the stomach pH, volume, and gastric emptying could be predicted.
Incorporating these meal-specific parameters into the model improved the predictions
beyond the default fed/fasted parameters commonly used in the software. Compared to the
default models, the improved models resulted in an improved prediction of the average
ziprasidone concentration-time profile for each meal. Using this type of semiphysiological
absorption model, we have shown that the dietary contents of the meals should be taken into
account to predict food effects for ziprasidone and perhaps other BCS class I or II

compounds.

KEYWORDS: Food effects; Pharmacokinetic modeling.

INTRODUCTION

Food has an important bearing on the absorption of
many orally administered drugs (1). For some drugs, absorp-
tion is attenuated when taken with food. For others, food
enhances absorption. Modification of drug absorption has
important implications, not only for efficacy but also for
toxicity.

Unexpectedly, low absorption may manifest itself as a
reduction in efficacy, while higher drug absorption may result
in a greater incidence of adverse events. Either consequence
may influence therapeutic success and treatment compliance.

Ziprasidone HCI ((5-[2-(4-(1,2,-benzisothiazol-3-yl)
piperazin-l-yl] ethyl]-6-chloro indolin-2-one hydrochloride
hydrate) is an orally active antipsychotic drug used for the
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monotherapy of schizophrenia (2). Because the absolute
bioavailability of a 20 mg dose under fed conditions is
approximately 60% and because of its low intrinsic solubility
(6), the marketed product containing ziprasidone HCI is
classified as a Biopharmaceutics Classification System (BCS)
class 1V, with low solubility drug and borderline low
permeability (3). However, from a research perspective,
ziprasidone can resemble a drug with high permeability and
either low solubility (class IT) or high solubility (class I).
Studies have shown that the bioavailability of ziprasidone in
healthy subjects is enhanced when administered with the
Food and Drug Administration (FDA) standard high-fat
breakfast (4). However, the food-induced enhancement in
ziprasidone bioavailability is short-lived, with a reduced
absorption when taken 2 h after, rather than immediately
following, food (4). We have recently published a clinical
study that examined the impact of calories and fat content on
the food-induced enhancement in ziprasidone bioavailability
(5). We concluded that ziprasidone should be taken with food
that provides at least 500 kcal for optimal bioavailability of
80 mg ziprasidone. Since ziprasidone is highly lipophilic, it is
tempting to hypothesize that the positive food effect was a
consequence of only an increased solubility, subsequent to
biliary secretions of bile salts and lecithin. Using a commer-
cially available software GastroPlus™, we attempted to
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Table I. The six meal conditions administered in the food effect study (1)

Meal condition Calories Fat Carbohydrate Protein Caloric
Calories (% total) Density

Fasted 0 0 0 0 0

Low calorie/low fat 250 38 (15) 175 (70) 38 (15) 0.42

Low calorie/high fat 250 250 125 (50) 88 (35) 38 (15) 0.51

Medium calorie/ 500 250 (50) 175 (35) 75 (15) 0.93

High calorie/low fat 1000 150 (15) 700 (70) 150 (15) 0.88

High calorie/high fat 1000 500 (50) 350 (35) 150 (15) 1.27

model these variables in order to understand what additional
factor(s) from the meals could have 25 contributed to the
food effect for ziprasidone.

MATERIALS AND METHODS

Ziprasidone hydrochloride (HCl) was obtained from
Pfizer Inc. (Groton, CT). Ziprasidone is poorly water-
soluble (free-base solubility in pH 6.5 buffered media
<0.1 mg/mL) (6). The basic pKa of ziprasidone HCl was
determined using an automated micro titrator (Model T3,
Sirius Analytical Instruments, Beverly, MA)'. The fast UV
assay was used to determine the pKa. This method
consisted of completing potentiometric titrations of metha-
nolic solutions of the active pharmaceutical ingredient
(API) and monitoring the effect of ionization on a nearby
UV chromophore. The values of the various pKas were
then extrapolated using the Yasuda-Shedlovsky method (7,
8). Using the fast UV assay, the basic pKa of ziprasidone
HCI determined in 0.15 M KCI was 6.58 + 0.09. The c log P
was reported as 3.6 (6). The pH solubility
profile—determined using traditional methods (9)—was
provided as an input file (Supplement Table 1). The radii
of particle size of a typical lot were given as 10% < 1.89 p,
50% < 8.23 p, and 90% < 17.9 pu. A subprogram within
GastroPlus™ fitted a log-normal distribution of these
parameters to eight bins as an input file for the simulations
(Supplement Figure 1). Ziprasidone HCI dissolution was
greatly enhanced when the drug partitions into bile salt
micelles. The neutral form of the drug had a micelle-to-
aqueous partition coefficient of approximately 4000 (10).
The bile salt effect in GastroPlus™ followed the following
equation: Cgpjie = Cgaq + SCaq X SR x Mw x [bile], where Sc,q
was the concentration of ziprasidone HCI at a particular
pH, SR was the solubility ratio (4000), M,, was the
molecular weight, and [bile] was the concentration of bile
acids (11).

The computer modeling software GastroPlus™ (Version
8.5.0002, Simulations Plus, Inc., 45 Lancaster, CA) was used
to develop a model that predicts the serum ziprasidone HCI
concentrations after each of the six different meals studied in
the food effect study. This software has recently been
reviewed and summarized (12, 13). Briefly, the gastrointesti-
nal tract in Gastroplus consists of an advanced compartmen-
tal absorption and transit model (ACAT). Nine

! pKa was determined by SCS at UNE College of
Pharmacy.

compartments consist of the stomach, small intestine [duode-
num, jejunum (two compartments), and ileum (three com-
partments)], and large intestine (cecum and ascending colon).
The physical-chemical property inputs of ziprasidone in-
cluded solubility, permeability, logP, pKa, particle size, and
dose. The dissolution submodel is based on the Nernst-
Brunner modification of the Noyes-Whitney equation. For
passively absorbed drugs, the absorption—which is a sum of
the absorption in the individual compartments—is a function
of the concentration of drug in solution for each of the
compartments, the surface area for absorption, and the transit
of drug along the gastrointestinal tract.

Gastric emptying rates used in this model were estimated
based on the relationship proposed by Hunt and Stubbs (14).
They demonstrated a simple relationship to predict the effect of
meal volume (V;) and caloric density (K) on gastric emptying
rate. The time for 50% emptying (zs0) is given by (14):

tso = V(0.1797-0.1670 x ¢ ¥)

The actual calories, grams of protein, fat, and carbohydrates
for each test meal, together with beverages administered were
used to calculate K and V for each meal. The meal volume (V;)
was calculated by summing the estimated volume of each meal
component and adding 240 mL, since ziprasidone HCl was
administered with 8 oz. water, for example, for the low calorie/
low fat meal 8 oz. milk (240 mL), two slices of toast (50 mL), two
pads of butter (50 mL), two packets of jelly (20 mL), with the
water totaled 600 mL. Caloric density K was calculated with:

—a—High calorie and low fat
240 —A—High_calorie e!nd h’gh_fa‘k
—h—Mediun caloie and high fat
—O—Lowcaloie and high fat
—m—Lowcalotie and low fat

—0—Fased

Serum Ziprasidone Cancentration (ng/mL)

Time (hours)

Fig. 1. Mean serum ziprasidone concentrations over time in patients
receiving oral ziprasidone under various meal conditions



1086

Sutton et al.

Table II. Approximate dietary details of meals similar to those given in reference (5). More details are in the Supplemental Materials

Low Portion Low calorie/ Portion Medium  Portion High Portion High Portion size
calorie/low size high fat size calorie/ size calorie/low  size calorie/high
fat high fat fat fat
Milk,1% 8 oz Milk, 6 oz Milk, 1% 8 oz Milk,1% 8 oz Pancakes 1.5
whole milk
Whole wheat toast 2 slices Whole 1 slice Egg, fried 2 eggs Pancakes 3 Syrup 1.5 indv pckt
wheat toast
Butter 2 indv pckt Butter 2 indv pckt Bacon 1 slice Syrup 2 indv pckt Milk, 1% 8 oz
Jelly, grape, 2 indv pckt Butter 2 indv pckt Bacon 2 slices Egg, fried 2 eggs
or strawberry
Bread 2 slices Egg, fried 1 egg Sausage 2 patties
Tropicana  16.0z

orange juice

kcal/Vy,. The values of ts9 based on these parameters for the five
meals were calculated. From these values of 5, the first order
rate constant for gastric emptying was then used to simulate the
emptying curves. A clinical pharmacokinetic study of ziprasidone
HCI following the administration of a single dose of ziprasidone
HCI administrated via intravenous infusion vs. infusion into the
duodenum had been conducted, and the IV pharmacokinetics
and oral absorption permeability were determined from this
study. As these data are important for pharmacokinetic modeling,
the details of this study and related study results are included in
this report (see Supplemental Data).

RESULTS AND DISCUSSION

Intravenous and duodenal administrations of ziprasidone HCI

The serum ziprasidone concentrations in each of seven
subjects administered the intravenous infusion of ziprasidone
were determined by assay and averaged (Supplement
Table 2). The pharmacokinetics from the averaged serum
ziprasidone HCI concentrations following intravenous admin-
istration were optimized using the Akaike information
criterion (15) in the built-in PKPlus™ module (Supplement
Fig. 2). The resulting three compartment model pharmacoki-
netic parameters were exported directly into GastroPlus™
(Supplement Table 3). The serum ziprasidone concentration

Fasted

200
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20
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Concentration (ng/mL)

0 10 20 30 40 50 60
Time (hr)
Fig. 2. The predicted simulation and the observed average

concentration-time profile for ziprasidone HCl administered in the
fasted condition

in each of six subjects administered the nasogastric infusion of
ziprasidone HCl into the duodenum was determined by assay
and averaged (Supplement Table 4). The permeability of
ziprasidone after oral administration was determined in
GastroPlus™ by optimizing the effective permeability (Peff)
with the average serum ziprasidone concentration-time pro-
file following the infusion into the duodenum. The absorption
of ziprasidone in each of the seven small intestinal compart-
ments (duodenum, jejunum 1, jejunum 2, ileum 1, ileum 2,
ileum 3) and the two large intestinal compartments (colon 1,
colon 2) was determined by the Absorption Scale Factor
(ASF) model Opt logD Model SA/V 6.1.% The fasting and fed
values of pH and bile salt concentrations for the stomach and
intestines in the default GastroPlus™ human physiological
models were given in (Supplement Table 5). The nasogastric
administration of ziprasidone HCI into the duodenum is not a
typical route of administration. The following adjustments
were made to simulate this administration: (1) the gastric
emptying time (GET) was set to 0.01 h (a minimum value),
(2) the duodenum pH was set to 3.5 (pH of the administered
solution), (3) the dosage form was set to CR: dispersed, with
a zero order release over 20 min (duration of the infusion).
The Peff value was 50 cm/s x 10*, and the precipitation rate
(Tppt) for this controlled infusion into the duodenum was
300 s. This model fit the data well (Supplement Fig. 3).

Food effect study

The patients were administered ziprasidone HCI under

six different meal conditions in the clinical study (5), as
described in Table I: fasted, high calorie/high fat, high calorie/
low fat, medium calorie/high fat, low calorie/high fat, and low
calorie/low fat. The averaged serum ziprasidone concentra-
tion vs. time profiles from fasted volunteers or volunteers
following one of 5 meals and 2 weeks of oral administration
of 80 mg of ziprasidone HCI every 12 h are shown in Fig. 1
(Table II).
2 The ASF models are the best fits of experimental data
across a diverse set of compounds (GastroPlus™ Manual,
August 2013, Version 8.5, p. 168). The data could also be
fitted to the Optimized logD Model by adjusting percent
volume in the small and large intestines.
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Table III. Summary of the parameters calculated from the prediction of the average serum ziprasidone HCI concentration-time profile
following administration of ziprasidone HCI with six different meal conditions

Condition Fa F Predicted Observed Cmax Predicted Tmax Observed Tmax Predicted AUCT Observed AUCT RBAOobs
Cmax
% % ng/mL ng/mL h h ng/mL-h ng/mL-h %

Fasted 52 31 129 124 34 37 1094 965 100
High calorie/high fat 83 50 211 207 3.5 5.1 1388 1661 172
High calorie/low fat 89 54 250 242 3.4 4.3 1902 1737 180
Medium 77 46 201 205 4.9 3.7 1296 1692 169
calorie/high fat

Low calorie/high fat 63 38 192 176 3.6 4.4 1191 1181 122

Low calorie/low fat 55 33 149 152 4.2 4.7 1262 1080 112

Fasting meal condition

The average concentration-time profile following oral
administration of 80 mg ziprasidone HCI in fasting patients
was simulated. The GastroPlus™ default values for a capsule
of the gastric emptying time (0.1 h), gastric pH (1.3), and
Tppt (1 s) were left unchanged (see Supplemental Table 5).

The values of the small intestine water volume (SIWYV,
4.5%) and large intestine water volume (0.9%) were set
based on published data (16), accounting for the difference in
ASF models.> As shown in Fig. 2 and summarized in
Table III, the model seemed to predict the average fasting
concentration-time profile.

Fed meal conditions

The effect of meals on GI physiology can be described as
(1) buffering stomach contents resulting in a slight rise in
gastric pH, (2) gastric emptying, (3) an increase in SIWV, and
(4) secondary effects such as bile acid secretion (17). The
clinical food effect study (5) examined the effect of meal
caloric content (high = 1000 kcal, medium = 500 kcal,
low = 250 kcal) and fat content (50 and 15% of total calories,
Supplemental Table 6) on oral ziprasidone absorption, but
the investigators did not control for meal volume. Using the
relationship defined by Hunt and Stubbs (14), the values of fs
for gastric emptying were calculated based on caloric content
and meal volume for the five meals. From these values of t5,
the first order rate constant for gastric emptying was then
used to simulate the emptying curves summarized in Fig. 3.

High calorie/high fat meal

For the modeling of ziprasidone HCl absorption after the
high calorie/high fat meal, the default Human Physiology Fed
ACAT Physiology was used, but with a percent fluid in the small
intestine set to 10%, and in the colon set to 10%, and the
calculated stomach volume of 788 mL (Table I'V and Supplemental
Table 3). These were calculated for each meal using the stated
liquid volumes and estimated fluid displacement of solids. The new
model predicted the average data reasonably well (Fig. 4). As

3 The ASF model used in reference [16] was “Opt logD”,
whereas in this work, the model used as “Opt logD Model
SA/V 6.17.

shown in Fig. 4, the “default model”—which used 40 and 10% for
the small and large intestine, respectively, and 967 mL for the
stomach volume—overshot the observed Cmax. The high calorie/
high fat meal mimicked the “high fat FDA breakfast” that resulted
in the approximately twofold increase in ziprasidone HCI
exposure observed in normal volunteers (4). Table 1T summarizes
the fraction of the dose absorbed (Fa) for ziprasidone HCI after
this meal (83%). Also in this table are both the observed and
simulated pharmacokinetic parameters: Cmax for the maximum
serum ziprasidone concentration, Tmax for the time of the Cmax,
and AUCT for the area under the serum ziprasidone concentra-
tion vs. time curve in one dosing interval (t = 12 h).

High calorie/low fat meal

The high calorie/low fat meal consisted of the same
1000 kcal content as the high calorie/high fat meal, but with
only 15% calories as fat. Based on the meal content (see
below), the stomach pH was set to a slightly smaller value for
the high calorie/low fat meal than the high calorie/high fat
meal (4.65 vs. 4.9). However, whereas the fat content was
considered low—based on the percent calories as fat
calories—the total amount of fat (15-16 g) was similar in
both high calorie/low fat and the low calorie/high fat meals.
Since Festi et al. reported that 10 g of fat was sufficient for
gallbladder emptying (18), the default fed concentration of

80

60

—+—High cal’highfat ~780 mL

% Emptied

40 —a- Highcal/ low fat ~1200 mL

- & -Med cal/high fat ~620 mL

20 —— Low cal/high fat ~500 mL -

- Low cal/low fat ~600 mL

T T T T T T T
0 50 100 150 200 250 300 350 400
Time (min)

Fig. 3. The relationship between time and the percent of meal
volume emptied
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Table IV. Gastrointestinal tract parameters used in the simulations

Condition VolISI % VolLI % GET h Stomach pH StoVol mL Bile acids
Fasted 4.5 0.9 0.25 1.30 48.4 Fasted
High calorie/high fat 10 3.0 1.74 4.90 788 Fed

High calorie/low fat 10 3.0 221 4.65 1200 Fasted
Medium calorie/high fat 5.0 3.0 1.17 4.90 6.17 Fed

Low calorie/high fat 5.0 1.0 0.65 4.75 495.0 Fed

Low calorie/low fat 5.0 1.0 0.70 1.30 600.0 Fasted

See Table III legend for the definition of the meal abbreviations. VoISI, VolLI, and StoVol are the percent volumes for the small intestine, large
intestines, and stomach, respectively. GET is the time for 50% gastric emptying. Bile acids are either fed or fasted (see Supplement Table 5)

bile acids in the small intestines was used in this simulation. In
addition, the high calorie components probably produced
nearly the same effect on stomach pH as the high calorie/high
fat meal (19-21). Since this meal resulted in the most API
absorbed (Fa 89%), increasing the small/large intestine fluid
volumes from 10/3 used in this model to 40/10 used in the
default fed model did not significantly increase the Fa. As
shown in Fig. 5, the new model simulated the observed
average concentration-time profile.

Medium calorie/high fat meal

The medium calorie/high fat meal had almost the same
magnitude of a positive food effect on apparent ziprasidone
bioavailability (RBA 169%), as the previous two meals (172
and 180%, Table III). Since the high fat content of the meal
was assumed to stimulate a fed-like secretion of bile salts, the
default fed parameters for bile salt concentration were used.
The medium calorie content combined with the high fat
content probably resulted in a “fed” stomach pH (19-21);
therefore, the stomach pH was set to the fed default model
value of 4.9. However, because the calorie content was lower
than previous meals, the percent fluid volume in the small
intestine was set to 5%. This is reasonable, since fat does not
contribute to osmolarity and therefore to the meal-induced
volume of fluid in the intestine. The new model predicted the
observed data reasonably well (Fig. 6). The default fed
model—which had the larger fluid volumes for the stomach
(967.5 mL)—slightly overpredicted the observed data (Fig. 6).

New Model A Observed = = =Default Model

Concentration (ng/mL)

Time (hr)

Fig. 4. Comparing the prediction of the high calorie/high fat meal
effect on serum ziprasidone HCI concentration-time profile

Low calorie/high fat meal

The food effect of the low calorie/high fat meal was not
clinically significant (RBA 122%) (5). Since there was a high
fat content in this meal, the “fed” concentrations of bile salt
were incorporated and pH was set at 4.75, which seemed
reasonable, since the normal pH of “whole milk” was
approximately 6.65 (22) (Supplemental Table 6). As shown
in Table I and Supplemental Table 6, the low calorie/high fat
meal had only 120 kcal that were not from fat. Since fat does
not contribute to osmolarity and therefore to the meal-
induced volume of fluid in the intestine, the remaining
calories would probably not greatly affect the fluid volume
values of the small intestine and colon. These values were set
to fasted values. The new model provided a reasonably good
prediction of the observed average serum ziprasidone
concentration-time profile (Fig. 7). The default model using
the fed values of small and large intestines of 40 and 10%,
respectively, resulted in a 23% overprediction of the Cmax
and a 44% overprediction of the AUCt. The default fasted
model resulted in an even worse fit of the data (not shown).

Low calorie/low fat meal

The low calorie/low fat meal did not produce a clinically
relevant positive food effect (RBA 112%) (5). When the
default fed physiology was used, the default model
overestimated the observed concentration-time profile
(Fig. 8). Moreover, when the default fasted physiology was

New Model = = = Default Model

A Observed
350

300

250

200

150

Concentration (ng/mL)

100

Time (hr)

Fig. 5. The prediction of the average ziprasidone concentration-time
profile when ziprasidone HCI was administered with the high calorie/
low fat meal, using the conditions described in the text.
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Fig. 6. Model prediction of the average ziprasidone concentration-

time profile when ziprasidone HCI was administered with the medium
calorie/high fat meal, using the conditions described in the text.

used, the model underestimated the average observed Cmax.
However, by setting the stomach volume to the actual meal
volume and setting the gastric emptying rate to the value
calculated from the caloric density, the new model resulted in
a better prediction (Fig. 8).

Overall, the “new” model using accurate parameter
inputs based on data obtained through additional clinical
trials as well as accurate gastric emptying models for various
meals provided a qualitatively better fit of the ziprasidone
absorption profile under various fed states (when compared
to using default parameters for fed or fasted states in
GastroPlus™). In each case, adjusting for meal volume and
utilizing predicted gastric emptying rates for these meals
qualitatively improved the model prediction for ziprasidone
absorption. This type of modeling approach would likely be
useful for BCS classes I (high solubility/high permeability)
and II (low solubility/high permeability) compounds where
prediction of food effects on absorption can be difficult.

CONCLUSIONS

For many compounds, the GastroPlus™ default param-
eters for gastric emptying rate, percent volume (for the
stomach, small and large intestines), and bile salt concentra-
tions may be suitable to predict food effect concentration-

New Model A Observed = = =Default Model

275

Concentration (ng/mL)

Time (hr)

Fig. 7. Model prediction of the average ziprasidone concentration-
time profile when ziprasidone HCl was administered with the low
calorie/high fat meal, using the conditions described in the text.
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Fig. 8. Model prediction of the average ziprasidone concentration-
time profile when ziprasidone HCl was administered with the low
calorie/low fat meal, using the conditions described in the text. The
observed average serum ziprasidone concentrations (friangle), the
default model simulation (default fed model, dotted line), and the
improved model simulation (continuous line) showed that the
improved model better predicts the observed data

time profiles. However, for ziprasidone and perhaps other
BCS class I or II compounds that are sensitive to the effects
of these parameters on the food effect, meal-specific values of
these parameters can qualitatively improve the concentration-
time profile prediction for ziprasidone HCI and perhaps other
BCS class I or II compounds.

The FDA guidance on the food effect recommends a
high calorie/high fat meal, which is intended to maximally
effect the RBA (23). However, the results in this report
suggest that slight modifications to the recommended meal
may be useful to insure the maximum effect in RBA. It also
points to the importance of controlling for meal type and
volume when designing a clinical trial for ziprasidone and
perhaps for other BCS class I or II compounds.
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