Pharmaceutical Research, Vol. 25, No. 4, April 2008 (© 2007)
DOIL: 10.1007/s11095-007-9469-z

Research Paper

Appearance of Double Peaks in Plasma Concentration—-time Profile after Oral
Administration Depends on Gastric Emptying Profile and Weight Function

Yukiko Metsugi,' Yoshihiro Miyaji," Ken-ichi Ogawara,' Kazutaka Higaki,' and Toshikiro Kimura®

2

Received September 3, 2007; accepted October 2, 2007; published online October 23, 2007

Purpose. Mechanism for double-peak occurrence in plasma concentration profile after oral administra-
tion of drugs is controversial, although irregular gastric emptying would be an important factor. The
objective of this study was to assess the effect of gastric emptying and a weight function, i.e.
pharmacokinetics after reaching the systemic circulation, on the double-peak appearance in plasma
concentration profiles.

Materials and Methods. Alprazolam, which generates irregular gastric emptying, was orally co-
administered with theophylline to rats, and the plasma concentration profiles or absorption rates were
compared between the two drugs. Both drugs are highly absorbable, but alprazolam is rapidly eliminated
from plasma, while the elimination of theophylline is very slow.

Results. Oral administration of alprazolam generated the irregular gastric emptying profiles, resulting in
multiple peaks in the absorption rate profiles of both drugs. The double peaks in the absorption rate
profiles led to the double peaks in plasma concentration profiles for alprazolam, but not necessarily for
theophylline. Simulation study clearly indicated that the slower elimination from plasma made the first
peak less recognizable.

Conclusions. The irregular gastric emptying could be a main reason for the double peaks in plasma
concentration profiles. However, the frequency of double-peak occurrence depends on the weight

function, particularly the elimination rate, of each drug.
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INTRODUCTION

Oral absorption behavior is often very complex because
many time-dependent and variable factors in the gastrointes-
tinal tract would influence the drug absorption from the small
intestine after oral administration (1,2). The double-peak
phenomenon is a typical example indicating the complex
kinetics of drug absorption after oral dosing. Double peaks in
plasma concentration—time profiles have been often observed
after oral administration for many drugs (3-18). Possible
reasons for the double-peak phenomenon have also been
proposed as follows: (a) the interaction between drugs and
bile salts in the intestinal lumen (10,11), (b) the entero-
hepatic circulation (12,19), (c) the two different sites of drug
absorption (13-16,20), (d) the irregular pattern of gastric
emptying (3-9). However, these explanations are not defin-
itive yet, or rather controversial. Particularly, several differ-
ent reasons were proposed for the cases of ranitidine (17,21-
23) and cimetidine (18-20,24). Since most drugs are mainly
absorbed from the small intestine, but not from the stomach,
gastric emptying is the rate-limiting step for drug absorption,
particularly for drugs with high permeability and high
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solubility as classified in BCS class I (25). Therefore, an
irregular pattern of gastric emptying may result in the
irregular profile of absorption rate (3,9,18), even though
some cases do not lead to the multiple peaks in plasma
concentration-time profiles (18). Gastric emptying rate is
significantly correlated with gastric motility (8,26,27), and the
gastric motility is well known to be regulated by the
migrating motor complex (MMC) under the fasted condition
(28,29). On the other hand, the feedback mechanism
influenced by the contents in the duodenal lumen regulates
the gastric motility (29), resulting in the irregular contrac-
tions of the antrum (30). Thus, gastric emptying is affected by
the amount and kinds of foods ingested (31-33). Therefore,
the pattern of gastric emptying is often complicated depen-
dent on the physiological and/or food conditions. Some drugs
influence the gastric emptying (2,34,35). It was reported that
alprazolam reduced the gastric motility and that double
peaks were observed in plasma concentration-time profile
after oral administration in rats (36).

However, there is some criticism saying that gastric
emptying is not necessarily a critical factor for multiple
peaks. The reason for the criticism is as follows: if gastric
empting is a determining factor for multiple peaks, the
multiple peaks should be observed for every drug, but they
are not observed for every drug.

In the present study, in order to investigate the effect of
gastric emptying on plasma concentration-time profile,
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Fig. 1. Pharmacokinetic model for analyzing the absorption kinetics
of alprazolam and theophylline after oral administration. Dose,
intragastrically administered dose; kg,, symbolic parameter showing
variable gastric emptying behavior; ka, first-order absorption rate
constant; kel, first-order elimination rate constant from central
compartment; F, bioavailability; Xg;, amount of drug in the small
intestinal lumen.

irregular gastric emptying in rats was generated by the oral
administration of alprazolam. Furthermore, theophylline was
orally co-administered to assess the effect of the pharmaco-
kinetics after reaching the systemic circulation, a weight
function, on the shape of plasma concentration—time profile,
because the elimination of theophylline from plasma is much
slower than alprazolam (34,36,37). Then, the plasma concen-
tration profiles were compared between alprazolam and
theophylline. The importance of irregular gastric emptying
profiles and the impact of weight function, particularly the
elimination rate from plasma, for multiple peaks are dis-
cussed based on the experimental data and simulation study.

MATERIALS AND METHODS

Materials. Alprazolam was kindly supplied by formerly
Upjohn Co. (now Pfizer) (Kalamazoo, MI). Theophylline
and aminophylline (theophylline hemiethylenediamine com-
plex) were purchased from Tokyo Kasei Kogyo Co. (Tokyo,
Japan) and Sigma Chemical Co. (St. Louis, MO), respective-
ly. All other chemicals and reagents were analytical grade
commercial products.

Animals. Male Wistar rats (Japan SLC, Hamamatsu,
Japan), maintained at 25°C and 55% humidity, were allowed
free access to standard laboratory chow (Clea Japan, Tokyo)
and water. After fasted for 12 h, they were allowed free
access to standard laboratory chow and water for 8 h prior to
the experiment. Rats weighing 210-280 g were randomly
assigned to each experimental group. Our investigations were
performed after approval by our local ethical committee at
Okayama University and in accordance with “Principal of
Laboratory Animal Care (NIH publication # 85-23).”

In Situ Closed Loop Study. To evaluate the first-order
absorption rate constant, the absorption experiments were
performed for 10-cm jejunal segment by a conventional in-
situ closed loop method (38). Alprazolam (0.2 mg/ml) or
aminophylline (0.5 mg/ml) in isotonic phosphate buffer (pH
6.5) was introduced into the jejunal segment at 0.5 ml. The
first-order absorption rate constant (ka) was obtained by
estimating the disappearance rate of drug from the lumen in
15 min.

In Vivo Intravenous and Oral Administration Studies. One
day before drug administration, the jugular vein of a rat was
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cannulated with vinyl tubing (i.d., 0.5x0.8 mm; Dural Plastics
& Engineering, Australia) under ether anesthesia. In the case
of oral administration, the solution containing both alprazolam
(10.0 or 5.0 mg/ml) and aminophylline (2.0 mg/ml) was
intragastrically administered at a volume of 2.5 ml/kg. For
intravenous administration, the solution containing alprazolam
(2.5 mg/ml) and aminophylline (1.0 mg/ml) in saline was
administered into the tail vein at a volume of 1.0 ml/kg. Blood
samples were periodically taken from the cannulated jugular
vein. One hundred microliters of plasma obtained by centri-
fugation was deprotenized by 200 ul of methanol. The
resulting supernatant was introduced into HPLC for the
analysis of alprazolam and theophylline.

Analytical Method. Alprazolam and theophylline were
determined by HPLC, which consists of a model LC-6A
HPLC pump (Shimadzu, Kyoto, Japan), a model SIL-6A
system controller (Shimadzu), and a model SPD-6A UV
detector (Shimadzu) set at 222 nm for alprazolam, or set at
272 nm for theophylline. TSK-gel ODS-80TM (150x4.6 mm
i.d., Tosoh Corporation, Tokyo) was used at room tempera-
ture. The mobile phase for alprazolam was 5 mM phosphate
buffer (pH 7.2):acetonitrile (70:30, v/v) delivered at 1.0 ml/min,
and that for theophylline was 5 mM acetate buffer (pH
4.5):acetonitrile (95:5, v/v) delivered at 1.0 ml/min. The
standard curves of alprazolam (0.05-5 pg/ml) or theophylline
(0.5-10 pg/ml) gave the coefficient of variation (CV) ranged
from 0.07 to 8.24% or 0.77 to 8.59%, respectively. The squared
correlation coefficient was over 0.995 for both drugs.

Pharmacokinetic Analysis. Pharmacokinetic model (Fig. 1)
was used to analyze the absorption kinetics of alprazolam and
theophylline after oral administration. The first-order kinetics
was assumed except for the gastric emptying process, where
variable emptying profiles were not necessarily dependent on
the amount or concentration of drugs in the stomach were
observed. The parameter, kg, just symbolically represents the
variable gastric emptying behavior. F, ka, kel and Xg; mean
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Fig. 2. Plasma concentration-time profiles of alprazolam and
theophylline after intravenous administration of both drugs. Doses
of alprazolam and theophylline were 2.5 and 1.0 mg/kg (aminophyl-
line), respectively. Results were expressed as the mean with the bars
showing S.D. of at least three experiments. Keys: open circle,
alprazolam; filled triangle, theophylline.
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Table I. Pharmacokinetic Parameters of Alprazolam and Theophyl-
line After Intravenous Administration

Pharmacokinetic Parameters Alprazolam Theophylline
A (pg/ml) 2.14+0.69 0.750+0.399%*
a(h™h 23.3+10.4 16.62+9.53

B (ng/ml) 1.18+0.08 1.67+0.18%**
B (Y 2.3440.06 0.279+0.055%*
AUGC,, (png-h/ml) 0.61+0.06 6.27+1.67*
CLiota1 (I/h/kg) 4.15+0.37 0.128+0.031%*
kel (h ™1 5.56+1.39 0.367+0.122%*
Vdg (I/kg) 1.53+0.20 0.456+0.020%*

Both alprazolam and theophylline were simultaneously administered.
Dose of alprazolam was 2.5 mg/kg. Theophylline was dosed as
aminophylline at 1.0 mg/kg. Results are expressed as the mean *
S.D. of at least 3 experiments. *p<0.05; **p<0.01 compared with
alprazolam.

bioavailability, absorption rate constant, elimination rate
constant and amount of drug in the small intestine, respectively.
Pharmacokinetic parameters describing the plasma concen-
tration-time profiles of alprazolam and theophylline after
intravenous administration were obtained based on a two-
compartment model by the non-linear least-squares regression

03 Rat A 1

t 6~
3., .
3 £
~ )]
] 2
c .
3 4¢
= S
:
o 2 b4
o a
< =
}—

o}

Time (hr)

- . 6
06 Rat C =
E
— e}
3 3
£ e
2 e
2 o
X :
s , &
S s
E o
7 -
m o
oy =

o 0

-
<

Time (hr)

Metsugi et al.

program MULTT (39). The plasma concentration-time profile
is generally expressed by the following equation:

Cp=A-exp(—a-t)+B-exp(—f-1) (1)

where o and f are rate constants for the distribution phase and
elimination phase, respectively. A and B are hybrid constants
shown as D - (& - ky)/Vc/(e—pB) and D - (ky—p)/Vcl(e—p),
respectively. D, k»; and Vc mean dose, first-order rate constant
from peripheral to central compartment and distribution
volume in central compartment, respectively.

The value of F was calculated as the absolute bioavail-
ability by the following equation:

D, - AUCOS>
F——_ PO )

Dy - AUCY>
where D;, and D, are doses of alprazolam or theophylline for
intravenous and oral administration, respectively. AUC after
oral administration from 0 time to infinity, AUCg:w, was
calculated by trapezoidal rule and AUC after intravenous
administration from 0 time to infinity,A UC?VHX\, was calculated
by A/a+B/B. CLa, total body clearance, was calculated by
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Fig. 3. Plasma concentration-time profiles of alprazolam (ALP) and theophylline (TPL) after oral administration in each rat. Dose of ALP
was 12.5 mg/kg for rats A and B or 25 mg/kg for rats C and D. Dose of theophylline was 5 mg/kg as aminophylline. Keys: open circle, ALP;

filled triangle, TPL.
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Table II. Bioavailability of Alprazolam and Theophylline in Each Rat After Oral Administration

Alprazolam Theophylline
Rat
Dose (mg/kg) AUC,, (ug-h/ml) Dose (mg/kg) AUC,, (ug-h/ml) F
A 12.5 0.258 0.085 5.0 23.37 0.818
B 12.5 0.136 0.045 5.0 12.32 0.431
C 25.0 0.450 0.075 5.0 17.55 0.615
D 25.0 0.570 0.094 5.0 16.61 0.582

Both alprazolam and theophylline were simultaneously administered. Dose of alprazolam was 12.5 or 25.0 mg/kg. Theophylline was
administered as aminophylline at 5.0 mg/kg. AUC,,, from 0 to infinity was calculated by trapezoidal rule.

v
determined by Vce (1+ko/ks1), where ky; is a first-order rate
constant from central to peripheral compartment.

The absorption rate-time profiles were calculated by
following Loo-Riegelman method (40) because the pharmaco-
kinetics after intravenous administration was described by the
two-compartment model for both alprazolam and theophylline.

In order to obtain the gastric emptying rate profiles, the
remaining amount of alprazolam-time profiles in the small-
intestinal lumen as an output function and the first-order
absorption process as a weight function were utilized to
perform the deconvolution with a multi-function convolution
simulator (41). It was assumed that the absorption of
alprazolam was rate-limited by gastric emptying (36). Here

Dy, /A UCY™™. Vdg, distribution volume at steady state, was

1000 ¢ Rat A
=
sm 750 }
=
Q
L
S 500 |
c
o
2 250
-
(=4
17
2
OC/ " 5
o 1 2
Time (hr)
1000 ¢ Rat C
=
<=
2 ot
L]
bt
e
c 500 h
Lo
L~
[«
-
$ 250
-
<

00 n ’

0 1 2
Time (hr)

the remaining amount of alprazolam-time profiles in the
small intestine were obtained by dividing the absorption
rate—time profiles with Feka of alprazolam. As both
alprazolam and theophylline follow the identical profile of
gastric emptying, the absorption rate profiles of theophylline
as well as alprazolam were calculated utilizing the gastric
emptying profile calculated above as an input function and
the first-order absorption process of each drug as a weight
function with the multi-function convolution simulator (41).
Finally, the plasma concentration profiles for both drugs
were calculated utilizing the absorption rate-time profile as an
input function and the equation describing the plasma concen-
tration profiles after intravenous administration as a weigh
function using the multi-function convolution simulator (41).
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Fig. 4. Absorption rate-time profile of alprazolam after oral administration calculated by Loo-Riegelman method for each rat. Dose of
alprazolam was 12.5 mg/kg for rats A and B or 25 mg/kg for rats C and D. Absorption rates were calculated by following Loo-Riegelman
method.
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Statistical Analysis. Results are expressed as the mean+
S.D. of at least three experiments. Statistical significance in the
differences of the means was determined by Student’s t-test.
Statistical significance of the correlation between observed and
calculated values of plasma concentration was determined by
Pearson’s method.

RESULTS AND DISCUSSION

For various drugs, the occurrence of multiple peaks in
plasma concentration profiles is related with gastric emptying
(3-9,18,22,36). As the gastric emptying of drugs is physiolog-
ically regulated by gastric motility (28-33), the same effect of
gastric emptying on the absorption behavior must be
expected for most drugs, except for drugs with pharmacolog-
ical effect to change the motility of gastrointestinal tract (34—
36). However, multiple peaks are observed for some drugs,
but not for other drugs. That is the reason why double-peak
issue is still controversial. The present study provides some
answers for this problem by paying attention to the pharma-
cokinetics after reaching the systemic circulation.

Alprazolam was selected as a model drug, because the drug
reduces the gastric motility by its muscle relaxant effect and
provides double peaks in plasma concentration profiles after
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being orally dosed (35,36). Alprazolam is highly absorbable
and rapidly eliminated from the plasma (36). Theophylline is
also highly absorbable (34), but its elimination from plasma is
very slow (34,37), which is the reason why theophylline was
chosen as another model compound. Fig. 2 shows the plasma
concentration—time profiles of alprazolam and theophylline
after intravenous administration of both drugs. The pharma-
cokinetic parameters obtained are summarized in Table I.
CLiota, Vdss and kel values were significantly smaller for
theophylline than alprazolam and the value of § for theoph-
ylline was also much smaller than that for alprazolam.

Fig. 3 shows the plasma concentration-time profiles of
both drugs after oral administration in each rat, and the
pharmacokinetic parameters are listed in Table II. Alprazolam
provided an irregular shape in its plasma profile with double
peaks for all the rats examined. Although alprazolam was
administered at two different doses (12.5 mg/kg for rats A and
B, 25 mg/kg for rats C and D), there was no large difference in
the plasma concentration—time profiles between the two doses.
On the other hand, theophylline showed no sharp peaks and
the slow and gentle elimination profile in rat A, while double
peaks were clearly observed for alprazolam. In other subjects,
plasma concentration profiles of theophylline tended to be
irregular, but seemed to be smoother than those of alprazolam.

Next, the absorption rate-time profiles were calculated for
alprazolam by utilizing the pharmacokinetic parameters (Table I)
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Fig. 5. Gastric emptying profile after oral administration calculated based on absorption behavior of alprazolam in each rat. Deconvolution
was performed to calculate the gastric emptying profiles by following the procedure described in the section of “Pharmacokinetic analysis.”
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Fig. 6. Absorption rate-time profiles of alprazolam and theophylline calculated based on gastric emptying profiles. Convolution was
performed to calculate the absorption rates for both alprazolam and theophylline based on the gastric emptying-time profiles shown in Fig. 5
by following the procedure described in the section of “Pharmacokinetic analysis.” Keys: solid line, alprazolam; broken line, theophylline.

as a weight function according to Loo-Riegelman method (40).
Fig. 4 clearly shows that there were double peaks in the
absorption rate—time profiles in all subjects, indicating that the
input of alprazolam from the small intestine to the blood
circulation was interrupted at least once during the entire
process of absorption after oral administration.

\The gastric emptying profiles of alprazolam after oral
administration were obtained by deconvolution (Fig. 5). Here
the remaining amount of alprazolam—time profiles in the small
intestine were utilized as an output function, which were
obtained by dividing the absorption rate-time profiles (Fig. 4)
with Feka of alprazolam. The value of ka for alprazolam was
determined as 7.52+0.09 h™' (n=5) by in-situ closed loop
study and F values are listed in Table II. The low
bioavailability of alprazolam is attributed to the extensive
metabolism due to cytochrome P450 3A subfamily in the liver
(36,42). The obtained profile of gastric emptying indicates that
the gastric emptying did not simply follow a first-order
kinetics, but was interrupted and/or attenuated during the
entire process for each subject. Similar irregular profiles of
gastric emptying were also reported in several cases (3,9,26).

As the gastric emptying—time profile should be identical
for both alprazolam and theophylline in each rat, the
absorption rate-time profiles of theophylline were simu-
lated by utilizing the gastric emptying profile (Fig. 5) as an
input function and the first-order absorption process as a
weight function (Fig. 6). The value of ka for theophylline

(11.89+0.35 h™ !, n=5) was obtained by in-situ closed loop
study and F value for each rat is shown in Table II. The
calculated profiles of the absorption rate for theophylline
are shown together with those for alprazolam (Fig. 6). The
figure clearly indicates that the input rates of theophylline
into the blood circulation had multiple peaks similar to
those of alprazolam.

Finally, plasma concentration—-time profiles of both
alprazolam and theophylline were calculated by performing
convolution. Here the absorption rate profiles (Fig. 6) and
pharmacokinetics after intravenous administration (Fig. 2
and Table I) were utilized as an input function and a weight
function, respectively. As shown in Fig. 7, the simulated
curve for alprazolam agreed remarkably with the observed
plasma profile including the double peaks and irregular shape
for each rat, indicating that the calculation error should be
very small in the processes of deconvolution and convolution.
Comparing absorption rate profiles (Fig. 6) with plasma
concentration profiles (Fig. 7) for alprazolam, double peaks
in absorption rate profiles led to the double peaks in plasma
concentration profiles for rats A, C and D. In rat B, however,
the clear multiple peaks were not observed in the plasma
profile even though the absorption rate profile had multiple
peaks. These results suggest that the irregular profiles of
gastric emptying and absorption rate do not always result in
the multiple peaks in plasma profile and that the time period
and extent of interruption of absorption seems to be
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important for the appearance of double peaks in plasma
profile as suggested in the previous reports (3,9,18). The
simulation curves for theophylline were also in good agree-
ment with the observed plasma concentration profiles. When
alprazolam was compared with theophylline in terms of
plasma concentration profile, the shape of the profile was
quite different each other. The change in plasma concentra-
tion was gentler for theophylline compared with alprazolam
because theophylline is eliminated from plasma much more
slowly than alprazolam (Table I). Therefore, the double
peaks observed for alprazolam almost disappeared for
theophylline in rat A even though both drugs had the
identical time profile for absorption rates (Fig. 6). In rats C
and D, the plasma concentration—-time profiles of theophyl-
line showed more gradual change than those of alprazolam.
Therefore, it is difficult to recognize the appearance of
double peaks in the plasma profile. These results experimen-
tally suggest that the slower elimination from the plasma
decreases the frequency of double-peak appearance in
plasma concentration—time profiles.

In Fig. 8, rat C was taken as an example for the
simulation study. The value of 8 was increased from 0.03 to
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23.4 h™! to calculate the plasma concentration time—curve of
alprazolam. Fig. 8c shows the observed data and simulation
curve for alprazolam, having clear double peaks in the
profile. When the value of 8 was increased to 23.4 h™', the
first peak was isolated from the second one more clearly and
the double peaks became more remarkable (Fig. 8d). On the
other hand, Fig. 8a and b shows that the decrease of 3 to 0.03
and 0.28 h™ !, which is the B value of theophylline, makes the
first peak smaller compared with the second one, and tends
to vanish the double peaks in the plasma concentration—time
profiles. The simulation study clearly indicates that the shape
of the plasma concentration—time profiles is affected by the
change in a weight function even though the input function is
not changed, and that the slower elimination from plasma
makes the shape of plasma profile smoother and makes the
first peak less recognizable. In the present study, we
experimentally and theoretically succeeded to indicate the
importance of gastric emptying as well as weight function for
the double-peak appearance in plasma concentration—time
profiles after oral administration of drugs.

As ka value is larger than kel value for many drugs
including alprazolam and theophylline, the decline of plasma
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Fig. 8. Effect of elimination rate constant on appearance of double peaks in plasma concentration—-time profile. Plasma concentration-time
profile was simulated based on plasma concentration data of alprazolam in rat C by utilizing 8 values of 0.03, 0.28 (theophylline), 2.34
(alprazolam) and 23.4 h™'. Other pharmacokinetic parameters used were those for alprazolam in rat C. Keys: open circle, observed

concentration of alprazolam in rat C; solid line, simulated lines.
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concentration is governed by the elimination rate after
reaching a maximal concentration. Therefore, the slower
elimination from plasma results in the dilution of double-
peak phenomenon in plasma concentration profile as shown
in the present study. On the other hand, in the case of a drug,
of which kel value is larger than ka value, the decline of
plasma concentration is regulated by its absorption rate.
Therefore, the double peaks in the absorption rate profiles
are likely to be reflected to the appearance of double peaks
in plasma concentration profiles. This is the case for the
simulation curve in Fig. 8d, where it was assumed that kel
(54.6 h™') was larger than ka (7.52 h™'). The shape of the
simulated plasma concentration profile was very similar to
that of absorption rate profile shown in Fig. 6 (Rat C). In any
case, the weight function, particularly the elimination rate of
drug is important for the appearance of double peaks in
plasma concentration profiles.

CONCLUSIONS

Irregular gastric emptying caused irregular absorption
rate profiles, which could be linked to the appearance of
double peaks in plasma concentration-time profiles. Howev-
er, the frequency or probability of double-peak occurrence in
plasma concentration—time profiles depend on the weight
function of each drug even if drugs are emptied from stomach
by following the same irregular pattern.
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