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Dyphylline is an analog of theophylline and the latter

is the most popular member of the methylxanthine family in

use for the treatment of asthma. Although dyphylline is

devoid of some problems associated with theophylline, a

reported short half-life has made it's clinical usefulness

limited. To avoid this problem a series of monoesters and

corresponding diesters of dyphylline was synthesized to

serve as prodrugs which will liberate dyphylline in a

controlled manner after administration. Ester hydrolysis

rates were measured in vitro in both human and rabbit

plasma. Data generated from a selective HPLC assay show

dipivaloyl dyphylline has the slowest rate of enzymatic

hydrolysis in plasma of both. Due to the slower conversion

and its relatively high partition coefficient properties,

dipivaloyl dyphylline was chosen for first trial in rabbits

to analyze prodrug effects in vivo. Constant intravenous

infusion and oral administration were used to evaluate the

pharmacokinetics of this prodrug. For comparison,



dyphylline was also administered intravenously in rabbits

and a complete pharmacokinetic analysis was performed. A

nonlinear regression program,SIMPLEX,for pharmacokinetic

analysis was employed for convenient control from a

computer terminal. Results indicate dipivaloyl dyphylline

was rapidly hydrolyzed to dyphylline. The apparent

half-time for removal of dyphylline from blood following

intravenous dipivaloyl dyphylline administration was

prolonged 1.5 times compared to intravenous administration

of dyphylline. The apparent half-time for removal of

dyphylline following oral administration of the prodrug was

prolonged 10 times. It is concluded that the prolongation

of duration of dyphylline blood concentrations following

intravenous prodrug administration is due to the slow

hydrolysis of the ester to dyphylline in the presence of

nonspecific esterase. The prolongation of blood

concentrations of dyphylline following oral administration

of the prodrug is probably due to slow and prolonged

prodrug dissolution in the gastrointestinal tract. These

characterestics of prodrugs of dyphylline may provide a

stragedy for design of a more effective product.
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CHAPTER I

IN VITRO HYDROLYSIS OF DYPHYLLINE PRODRUGS

IN HUMAN AND RABBIT PLASMA



INTRODUCTION

-Theophylline is a methylxanthine widely used in

clinical medicine for the treatment of bronchial asthma. It

is reported to have frequent adverse effects on the

gastrointestinal, cardiovascular and central nervous

systems (1,2). Theophylline also posesses the disadvantage

of being very insoluble, has a highly variable half-life

and a narrow therapeutic range(3).

In order to increase the clinical usefulness of

theophylline, several derivatives or salts of theophylline

have been prepared. These products still have some

problems. The high alkalinity of aminophylline (the

ethylene diamine salt of theophylline) not only renders the

compound incompatible with many other drugs but also causes

significant gastric distress. It is also known that the

acidic gastric juice precipitates a considerable amount of

theophylline from aminophylline and this destroys the

solubility advantage of aminophylline.

Therefore, dihydroxypropyl theophylline (dyphylline),

a soluble theophylline derivative was introduced as an

alternative that would retain the therapeutic activity of

theophylline , but would have less associated side effects.

Unlike aminophylline, dyphylline is neutral in solution,

stable in gastric fluid, and absorbed unchanged from the

gastrointestinal tract. Early pharmacokinetic studies of
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dyphylline reported a half-life from conventional drug

dosage formulations of 2.11+0.36 hours(4). To maintain

serum concentrations in the desired range, a drug is often

administered every half-life, but with dyphylline this is

unacceptable to patients because of the dosing frequency

necessary(1). A larger dose could be administered less

frequently, but peak levels achieved shortly after

administration might be associated with some side effects

and minimum effective levels might still not be maintained

between doses. Therefore, the purpose of this research was

to develop a controlled-release dyphylline preparation that

would provide a suitable amount of drug to be useful in the

treatment of asthma.

Improvement of drug efficacy can be accomplished by

biological, physical or chemical means. The biological

approach entails varing the route of administration. A

greater degree of flexibility of drug modification is

offered by the physical approach, commonly referred to as

dosage form design. However, the highest degree of

flexibility in altering drug efficacy is offered by the

chemical approach (5). Controlled release of dyphylline

through a prodrug approach was thus considered to be an

appropriate way to overcome the problem of short half-life.

There are many possible reasons to employ a prodrug

approach to improve drug design. Some common goals in

prodrug design are (a) to increase oral absorption (b) to
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increase duration of action and (c) to increase

distribution to a specific site(6). The pharmacokinetic

patterns for these goals may vary widely and the variation

presents a variety of problems in the evaluation of

prodrug s.

For dyphylline the amount which must be administered

to maintain plasma concentrations of about 20 pg/ml is

calculated to be 6 gm for a 12 hour period if administered

by constant intravenous infusion. If the ideal

controlled-release oral dosage form could be developed,

then 6 gm would have to be administered orally every 12

hours. Current technology in preparing controlled-release

solid oral dosage forms generally results in products which

must be swallowed whole and cannot be chewed since chewing

destroys the control of drug release. Such a product is

not feasible for dyphylline since people cannot be expected

to swallow 6 gm whole as a bolus. However, chemical

modification of dyphylline to produce a prodrug could

result in a substance which could be formulated as a

conventional chewable tablet. The prodrug would then

release dyphylline in a controlled manner after chewing and

swallowing so as to maintain a minimum effective

concentration of dyphylline in the body.

A prodrug is either (a) a derivative of a drug which

undergoes in vivo hydrolysis to the parent drug or (b) an

analog which is metabolically transferred to a biologically
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active drug(6).

Dyphylline has two positions available for reversible

modification to produce a prodrug. A series of esters (see

Table I) including four monoesters and four corresponding

diesters has been synthesized to serve as prodrugs(6),

which are expected to liberate dyphylline upon enzymatic

attack. These ester derivatives of dyphylline have been

prepared and characterized by infrared(IR), proton nuclear

magnetic resonance(HNMR) and mass spectrometry(7).

In the investigation of many other prodrugs(8,9,10),

the evidence indicates that the rate of enzymatic

hydrolysis by serum esterases was decreased with increasing

steric bulk and branching of the acyl substituent. By

varing bulkiness of substituents in the acyl moiety of

dyphylline prodrugs (Table I), it was proposed that it

would be possible to obtain different rates of conversion

from prodrug to dyphylline(6). The purposes of this study

were: (a) to determine and compare the in vitro enzymatic

hydrolysis rates for each prodrug in both rabbit and human

plasma and (b) to obtain preliminary pharmacokinetic data

for a prodrug in rabbits and (c) to compare dyphylline

plasma concentrations in rabbits following intravenous and

oral administration of a dyphylline prodrug with dyphylline

plasma concentrations obtained following intravenous

dyphylline.

Since pharmacokinetic analysis in human subjects can
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be quite dangerous, time consuming and expensive, the

rabbit was chosen to serve as an animal model for measuring

the effects of administration of dyphylline prodrug on

dyphylline pharmacokinetics. Mayo(11) studied the

pharmacokinetics and bioavailability of dyphylline in

rabbits and reported that rabbits are a suitable animal

model for dyphylline pharmacokinetic studies. Values

obtained for microscopic constants and overall elimination

half-life for dyphylline in rabbits correlate well with

published values for dyphylline in humans(11).
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EXPERIMENTAL

Materials- Analytical grade chemicals were used

without futher purification. All water was distilled prior

to use. Dyphylline was obtained from Lemmon Pharmacal

Company. Eight dyphylline prodrugs (Table I) including

four monoesters and four diesters were used; the synthesis

and identification procedures were reported by

Panomvana(7).

Instrumentation- A high-pressure liquid

chromatographic(HPLC) system consisted of a delivery pumps,

sample injection apparatus2, 30-cm reverse phase columns ,

UV detectork with wavelength of 280 nm and a dual pen

recorders which were used at ambient temperature. A

suitable shaking thermostated water bathe was also used.

Plasma preparation- For human in vitro studies, plasma

was supplied by Red Cross normal volunteer donors. For

rabbit in vitro studies, whole blood was collected from

four rabbits via inferior vena cava and then direct cardiac

1M-6000A Pump,Waters Associates,Milford,MA.
2Model U6K Injector, Waters Associates, Milford,MA.
3 Bondapak C18 column, Waters,Milford,MA.
4Model 440 Absorbance Detector, Milford,MA.
5Soltec Co., Encino, California.
6Shaking thermostated water bath, Gilson.
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puncture while under anesthesia with diethyl ether. Whole

blood samples were centrifuged7(2500 x G for 10 minutes),

plasma was separated and combined and kept in a

refrigerator.

Standard curve preparation- Stock standard solutiolis

were prepared to contain 2, 8, 14, 24, 40, 60 and 84 mg of

dyphylline in 100 ml of distilled water. 50 ul of each was

then added into 0.95 ml of plasma to prepare working plasma

standard solutions.

Assay of samples- Stock prodrug solutions were

prepared to contain 0.15 mole of each prodrug in 50 ml of

methanol. The mother solutions were diluted to prepare

solutions containing 0.10,0.075,0.05 and 0.025 mole in 50

ml of methanol for each prodrug. For all eight prodrugs,

different initial substrate concentrations including 0.025

mM(A), 0.05 mM(B), 0.075 mM(C), 0.01 mM(D) and 0.15 mM(E)

were prepared by adding 50 ul of each prodrug stock

solution into 0.95 ml of plasma.

Analytical Method- The internal standard used was

$-hydroxypropyl theophylline(BHPT,Sigma) in acetonitrile

which was prepared in a 500 ml volumetric flask as a stock

solution, and kept tightly sealed throughout the experiment

except when used. Operating conditions included a mobile

phase composed of acetonitrile (7.5% V/V) in distilled

water and a flow rate of 2.0 ml/min. The dyphylline peak

was eluted at 4.4 min and internal standard was eluted at

7Model TJ-6 Centrifuge, Beckman, California.
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7.4 min. For long-term hydrolysis studies of prodrug in

plasma, 10 samples of concentration E(0.15 mM) were used.

For conversion rate studies, 3 replications of each

concentration (A-E) were used. One milliliter each of

prodrug containing plasma was put into centrifuge tubes and

maintained at 37°C (for human) or 38°C (for rabbits) in a

shaking thermostated water bath. Sample hydrolysis

reactions were terminated by adding 1 ml of cold (0°C)

solution of internal standard in acetonitrile at

predetermined times. After vortexing well for 30 seconds

the precipitated plasma was centrifuged (3000 x G,2°C, 5

minutes). The supernatant plasma was then filtered and

10-20 ul was injected into HPLC.
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RESULTS AND DISCUSSION

Section I. Human plasma studies

Typical chromatograms for determination of plasma

dyphylline concentrations are shown in Figure 1. It can be

seen that dyphylline and internal standard peak separate

completely and there is no absorbance in blank plasma

samples in the region where either the drug peak or

internal standard peak occurs.

Four standard curves were prepared on different days

during the experient (see Table II). Linear regressions

were performed to determine the appropriate lines.

Statistical testing1 indicates that these four regression

lines are not significantly different. For simplicity,

fitting one regression function to the combined data was

performed (Fig.2,Table III). A single pooled regression

would have the advantage of containing greater precision

than separate different regressions(12). The inverse

estimations of the concentrations were calculated from the

pooled function and are listed in Table IV. Since the mean

inversely estimated concentrations were 100.7% of theory

with a low coefficient of variation (2.98%), the pooled

equation was considered to be appropriate for estimation of

unknown plasma concentrations of dyphylline

1regression analysis with indicator variable (12).



10

For long-term dyphylline concentration versus time

profile comparisons, prodrug concentration E(0.15 mM) was

the initial substrate concentration tested at 37*C. Data

generated in these studies are listed in Tables V and VI

and plotted in Figures 3 and 4. From these figures,

mono-pivaloyl dyphylline and di-pivaloyl dyphylline

conversion rates are slower in each group.

For quantitative comparison of conversion rates,

different initial concentrations of prodrugs (0.025-0.15

mM) were used. At predetermined times, hydrolysis was

stopped and dyphylline concentration determined as shown in

Table VII-XIV. For each prodrug at different initial

substrate concentration, the plasma dyphylline

concentration versus time profile was plotted as shown in

Figures 5-12.

Instead of the usual method of taking the first point

to estimate the initial rate of enzymatic hydrolysis

reaction, analysis of progress curves was preferred. The

attraction lies in the use of the entire progress curves

rather than just one point (13). The data was first fitted

to a polynomial in time

2

P = A + Bt + Ct

The initial rates were given by the slope of the

tangents of these regression curves at time zero, i.e. B

in the above equation. This method yields a considerably
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more precise estimate(13) of the initial rate than the

normal method of drawing one line through the origin and

first point estimate. The initial rates of conversion of

different prodrugs to dyphylline at different initial

substrate concentrations are shown in Table XV.

From the plotted figure (Fig.13) of the above initial

converation rate data, it can be seen that there is a good

linear relationship in each set of data. Statistical tests

(general linear test) indicate this is true in the

concentrations investigated. All the R-square values

indicate that total variation associated with these linear

fits was well explained (Table XVI A,B). Therefore,

conversion rate constants are considered to be first order.

For fair comparison between these constants, these

regression lines were forced through the origin (Fig.14).

The statistical data in Table XVI C shows that all the

intercepts are not significantly different from zero except

for di-p-Cl-benzoyl dyphylline. Comparing the conversion

rate constants, it is obvious that Dipivaloyl dyphylline

showed much slower hydrolysis rate than all the others.
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Section II: rabbit plasma studies

The analysis for in vitro rabbit plasma dyphylline

prodrug conversion rate studies is basically the same as

described for human plasma studies.

A single pooled analytical standard curve regression

line (Fig.15) was obtained by fitting two sets of data.

The inverse estimation of concentrations was also performed

and is shown in Table XVII.

The conversion of dyphylline prodrugs to dyphylline in

rabbit plasma was determined by the same procedure as

described for human plasma studies.

For quantitative comparison of conversations rates in

rabbit plasma, different concentrations (0.025-0.15 mM) of

5 prodrugs were used as initial substrate concentration.

At predetermined time schedules, hydrolysis was terminated

and the dyphylline concentrations determined are shown in

Tables XVIII-XXII. These data were then fitted to a

polynomial in time

2

P = A + Bt + Ct

and the initial rates are given by the slope of the

tangents,B(13). These initial rates of individual prodrug

conversion to dyphylline at different initial substrate

concentrations are shown in Table XXIII and plotted in

Figure 16.

As with human plasma studies, both ordinary linear
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regression (Table XXIV A) and linear regression forced

through the origin (Table XXIV B) were conducted. The

intercepts are not a significantly different from zero

(Table XXIV C) at a significance level of 0.05; for clear

comparison,the latter regression lines were used to compare

conversion rates of different prodrugs.

From the first order conversion rate constant6 data

generated, it is obvious that dipivaloyl dyphylline also

exhibits the slowest conversion in rabbit plasma which is

in accordance with human plasma studies.

Due to the higher partition coefficient of prodrug

preparations(7) compared to dyphylline, the prodrugs may

have a larger portion distribute to the peripheral tissues.

If the prodrug has a large distribution volume in

peripheral tissues, it could result in a slow conversion to

dyphylline due to low concentrations in the central

compartment. The peripheral tissues could act as a depot

center.

The hydrolysis rate from prodrug to drug may be

beneficial in producing a control-release effect. In the

investigation of terbutaline(10) and apomorphine(8,9)

prodrugs, the evidence indicates that the rate of enzymatc

hydrolysis reaction by esterases bears an inverse relation

to the steric bulk and branching of the ester substituent.

However our studies indicate that this is not true for

dyphylline derivatives.
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The human plasma conversion rates are as follow in

order: mono-p-Cl-benzoyl dyphylline > mono-isobutyroyl

dyphylline >> mono-propionoyl dyphylline > di-p-Cl-benzoyl

dyphylline > di-isobutyroyl dyphylline > di-propionoyl

dyphylline >> mono-pivaloyl dyphylline >> di-pivaloyl

dyphylline.

Diesters have slower conversion rates than

corresponding monoesters, and the lability order of

hydrolysis of different substituents remains the same in

each group. All monoesters have faster conversion rate

than diesters except monopivaloyl dyphylline. Dipivaloyl

dyphylline's conversion rate is much slower compared with

all the other ester prodrugs.

In rabbit plasma studies, the conversion rates are as

follow in order: mono-isobutyroyl dyphylline >

mono-pivaloyl dyphylline > di-isobutyroyl dyphylline >

di-propionoyl dyphylline > di-pivaloyl dyphylline.

All the conversion rates of prodrugs in rabbit studies

are higher than those in human plasma studies, but the

order is in accordance with each other. Dipyvaloyl

dyphylline exhibits the slowest conversion rate in both

human and rabbit plasma.
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CONCLUSION

For the purpose of prolonging the duration of action

of dyphylline, dipivaloyl dyphylline, the prodrug with the

slowest conversion rate to dyphylline, may be most

promising for further in vivo studies althrough all

prodrugs may be useful.

The in vitro studies , while indicative of relative

degree of enzymatic in vitro lability of these esters, was

not conclusive in determining absolutely which ester would

suitably be used orally in vivo(5).

Both intravenous and oral administration studies will

be demonstrated in the next part of this thesis.
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Table I-STRUCTURE OF SOME DYPHYLLINE PRODRUGS

CH
2
-CH-CH

2
-OR

11

N

I II

0j" /
CH

3

Compound R
1 R2

I Dyphylline -H -H

II Monopropionoyldyphylline -C9-CH
2
-CH

3
-H

III Dipropionoyldyphylline --CH
2
-CH3 .---CH

2
-CH

3

0

IV Monoisobutyroyldyphylline -&.CH-(CH3)2 -H

V Diisobutyroyldyphylline -C9-CH-(CH
3

)
2

---CH-(CH
3

)
2

9
VI Monopivaloyldyphylline -C-C(CH

3
)
3

-H

0

VII Dipivaloyldyphylline -C-C(CH3)3

0

VIII Mono-p-Cl-benzoyldyphylline -C-

0

IX Di-p-Cl-benzoyldyphylline -6- -C1

Cl

- -C(CH
3

)
3

-H

-C1
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Figure 1- Typical chromatogram to show separation of
Dyphylline and internal standard. Tey:A,solvent front;
B,plasma material;C,Dyphylline;D,internal standard(BHPT).



Table II- Peak height ratios for four dyphylline standard
curves in human plasma.

1
CONC(UG/ML)

2 b
PHR(2/25)

3
PHR(2/26)

4
PHR(2/27)

5
PHR(2/29)

1.. STIci 1. .025 .0354 .035 .031

2. ST2 4.08 .133 .122 .13 .121

3. ST3 7.03 .217 .22 .226 .211

4. ST4 12.04 .385 .4 .383 .38

5. ST5 20. .642 .645 .643 .62

6. ST6 30. .933 .959 .914 .914

7. ST7 42.13 1.36 1.326 1.36 1.355

aST1-ST7 represent, seven different known concentrations.
bPeak height ratio of dyphylline to internal standard.

*This table and following similar tables were generated by PROPHET, a
national computer resource sponsored by NIH.
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Figure 2- Scatter plot and fitted linear regression function
for Dyphylline concentration estimation in human plasma.(PHR:
peak height ratio of dyphylline to internal standard)
(This graph and following similar graphs were generated by PROPHET,
a national computer resources sponsored by NIH.
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Table III- computer output for pooled linear regression for
in vitro studies of dyphylline concentration in human plasma.

NUMBER OF DATA POINTS . 28

CORRELATION COEFFICIENT R .9994613 R- SQUARED .9989229
STANDARD DEVIATION OF REGRESSION .01508757

PARAMETER TABLE

PARAMETER FITTED STANDARD `T -VALUE SIG. LEV.
VALUE DEVIATION

INTERCEPT -.002648085 .004440234 -.5963842 .5560761

SLOPE .03181877 .0002049072 155.2838 1.490116x10-8

ANALYSIS OF VARIANCE TABLE

SOURCE SUM OF
SQUARES

D.F. MEAN
SQUARE

F VALUE SIG. LEV.

REGRESSION 15.488967 1. 5.488967 24113.05,.0001

RESIDUAL 1.005918503 26. .0002276347



Table IV- Inversely estimated concentrations of individual standard curve data
using pooled function for dyphylline in human plasma

CONC
(ug/ml)

Trial 1 Trial 2 Trial 3 Trial 4 Mean

INV.EST.a%THEORY
b

INV.EST. %THEORY INV.EST. %THEORY INV.EST. %THEORY INV.EST. %THEORY

ST1 1.0 0.87 87 1.19 119 1.18 118 1.06 106 1.07 107

ST2 4.08 4.26 104 3.92 96.1 4.17 102 3.89 95.3 4.06 99.c

ST3 7.03 6.9 98.2 7.0 99.6 7.18 102 6.71 95.4 6.95 98.9

ST4 12.04 12.18 101 12.65 105 12.11 101 12.02 99.8 12.14 101

ST5 20.0 20.26 101 20.35 102 20.29 102 19.57 97.9 20.12 101

ST6 30.0 29.4 98.0 30.22 101 28.81 96.0 28.81 96.0 29.31 97.7

ST7 42.13 42.82 102 41.76 99.1 42.82 102 42.66 101 42.15 101

100.7

aInversely estimated concentration= (PHR in Table II + 0.002648)/0.03182
b%THEORY=(inversely estimated concentration/known concentration) * 100



Table V- Dyphylline concentrations following in vitro incubation
of monoester derivatives of dyphylline in human plasma.

.

1

TIME
(MIN)

2
CONC1-

3 b
CONC3

4
CONC5c

5
dCONC7

1. Elle
-

S. 9.165556 17.3993? 1.544563 24.5961

2. E2 10. 14.97951 23.6533 2.59736 28.80729

3. E3 15. 17.71364 24.5961 3.929855 32.4528

4. E4 20. 21.76769 28.05305 5.164928 34.96694

S. ES 30. 24.81609 30.88146 7.499937 34.65267

6. E6 45. 26.73312 32.4528 9.731238 36.22401

7. E7 60. 28.99585 33.08133 12.24538 37.16681

8. E8 90. 32.4628 35.53262 15.79661 35.90974

9. E9 150. 34.14984 35.46977 20.38492 36.22401,

10. E10 , 210. 36.03545 35.28121 23.59045

aDyphylline concentration (ug/ml) following in vitro incubation
of monopropionoyl dyphylline.

bDyphylline concentration (ug /mi) following in vitro incubation
of monoisobutyroyl-dyphylline.

cDyphylline concentration (ug/ml) following in vitro incubation
of monopivaloyl dyphylline.

dDyphylline concentration (ug/ml) following in vitro incubation
of mono-p-Cl-benzoyl dyphylline.

einitial prodrug concentrations of 0.15 mM (E) were used; samples
collected at 10 predetermined times.



Table VI- Dyphylline concentrations following in vitro incubation
of diester derivatives of dyphylline in human plasma.

1

TIME(MIN)
2
2ECONC

3 L
4ECONC"

4
6ECONC

c
5
8ECONC

d

1. El it 10. 6.714268 9.888372 .0832181 11.49114

2. E2 20. 17.68221 19.97637 .0832181 22.7105

3. E3 30. 23.55902 25.47605 .347203 30.15864

4. E4 45. 28.27304 33.52131 .6489001 34.27555

S. E5 60. 31.50999 36.53828 1.56027? 34.3384

6. E6 90. 35.59547 39.64953 4.074419 35.90974

7. E7 120. 38.10962 40.12093 6.808548 33.3956

8. ER 180. 39.05242 39.77524 12.9682 35.65833

9. E9 300. 39.83809 39.49239 19.44211 36.22401

10. E10480. 40.05808 38.98957 25.91603

aDyphylline concentration (ug/ml) following in vitro incubation

of dipropionoyl dyphylline.
bDyphylline concentration (ug/ml) following in vitro incubation
of diisobutyroyl dyphylline.

cDyphylline concentration (ug/ml) following in vitro incubation

of diptvaloyl dyphylline.
dbyphylline concentration (ug/ml) following in vitro incubation

of di-p-Cl-benzoyl dyphylline.
einitial prodrug concentrations of 0.15 mM (E) were used samples

collected at 10 predetermined times.
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Figure 3- Long-term comparison of in vitro enzymatic hydrolysis
rate of dyphylline monoester prodrugs in human plasma (data from
Table V).
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Figure 4- Long-term comparison of in vitro enzymatic hydrolysisrate of dyphylline diester prodrugs in human plasma (data fromTable VI).



Table VII- Plasma dyphylline
concentrations after in vitro
incubation of different initial
monopropionoyl dyphylline con-
centrations in human plasma.

.
,

TIME
(MIN)

2 L
PHRu

3 (D)
CONC(UG/ML)

1. Ala 5. .058 1.905971

2. A2 10. .0775 2.518793

3. A3 15. .0915 2.950768

4. 81 5. .064 2.094532

5. B2 10. .151 4.828661

6. B3 15. .198 6.30572

7. Cl 5. .15 4.797234

8. C2 10. .211 6.714268

9. C3 15. .296 9.385544

10. D1 5. .186 5.928598

11. 02 10. .297 9.41697

12. D3 15. .37 11.71113

13. El S. .298 9.448397

14. E2 10. .474 14.97951

15. E3 15. .561 17.71364

Table VIII- Plasma dyphylline
concentrations after in vitro
incubation of different initial
monoisobutyroyl dyphylline con-
centrations in human plasma.

1

TIME
(MIN)

2
PHR

3 (0)
CONC(UG,ML)

1. Al S. .0926 2.993338

2. A2 10. .12 3.854431

3. A3 16. .14 4.482967

4. 01 5. .184 5.865745

5. B2 10. .262 8.317033

6. 03 15. .266 8.44274

7. Cl 5. 7.27995

8. C2 10.

,.229

.355 11.23972

9. C3 15. .41 12.9682

10. DI 5. .358 11.334.

11. D2 10. .47 14.8538

12. D3 15. .52 16.42514
13. El S. .551 17.39937
14. E2 10. .75 23.6533
15. E3 15. .78 24.5961

aInitial prodrug concentrations: A-0.025mM;B-0.05mM;C-0.075mM:
D-0.10mM;E-0.15mM.

bPeak height ratio of dyphylline to internal standard.
cConcentration derived=(PHR+0.002648)/0.03182.



Table IX- Plasma dyphylline
concentrations after in vitro
incubation of :different initial
monopivaloyl dyphylline con-
centrations in human plasma.

0
ROUNAME TIME

(MIN)

2 h
PHR-

3 (D) c
CONC(UG/m1.)

1. Bla 30. .084 2.723067

2. 02 GO. .13 4.168699

3. B3 90. .164 5.237209

4. Cl 30. .115 3.697297

5. C2 60. .196 6.242066

6. C3 90. .252 8.002766

7. D1 30. .168 5.362916

8. D2 60. .252 8.002766

9. D3 90. .322 10.20264

10. El 30. .263 8.34846

11. E2 60. .387 12.24538

12. E3 90. .5 15.79661

13. Fl 30. .39 12.33966

14. F2 60. .604 19.06199

15. F3 90.' .854 26.92160

Table X- Plasma dyphylline
concentrations after in vitro
incubation of different
mono-p-Cl-benzoyl dyphylline
concentrations in human plasma.

0
ROUNAME

1

TIME
(MIN)

2
PHR

3 (D)
CONC(UO/ML)

1. Al 5. .119
,

4.765800

2. A2 10. .19 6.054305

3. A3 15. .195 6.211439

1. D1 S. .43 13.59673

5. 02 10. .512 16.17373

6. 03 15. .693 21.86197

7. Cl S. .451 14.35097

8. C2 10. .519 16.39371

9. C3 15. .578 18.21709

10. D1 S. .55 17,36794

11. D2 10. .659 20.79346

12. D3 15. .724 22.8362

13. El S. .78 21.6961

11. E2 10. .914 28.80729

15. E3 15. 1.03 32.4528

aInitial prodrug concentrations: A-0.025mM;B-0.05mM;C-0.075mM;
D-0.10mM;E-0.15mM.

bPeak height ratio of dyphylline to internal standard.

cConcentration derived=(PHR40.002648)/0.03182.



Table XI- Plasma dyphylline
concentrations after in vitro
incubation of different initial
dipropionoyl dyphylline concen-
trations in human plasma.

0
POUNAME

1

TIME
(MIN)

2 b
PHR

3 (D) c
CONC(UG/ML)

7:71737 10. .0432 1.110855
2. A2 20. .0959 3.097046
3. A3 30. .t29 4.137272

4. B1 10. .0829 2.688498
S. 112 20. .109 6.022879
6. 113 30. .256 8.128473
7. Cl 10. .152 4.860008
8. C2 20. .269 0.537021
9. C3 30. .365 11.55399

10. D1 10. .159 5.080075

11. D2 20. .37 11.71113

12. D3 30. .523 16.51942

13. El 10. .211 6.714268
14. E2 20.

11

.56 17.68221
16. E3 30. .747 23.55902

Table XII- Plasma dyphylline
concentrations after in vitro
incubation of different
diisobutyroyl dyphylline con-
centrations in human plasma.

0
ROUNAME

1

TIME
(MIN)

2
PHR

3 (D)
CONC(UGML)

i . Al 10. .0585 1.021684
2. A2 20. .115 3.697297
3. A3 30. .1416 4.533249
4. 01 10. .109 3.508737
S. oa 20. .22 6.997109
6. D3 30. .293 9.291263
7. Cl 10. .17 6.42577
8. C2 20. .327 10.35977
9. C3 30. .4526 14.30698
10. DI 10. .222 7.059962
11. Da 20. .448 14.16241
12. D3 30. .621 19.59925
13. El 10. .321 10.17121
14. E2 20. .633 19.97637
16. E3 30. .808 26.47605

alnitial prodrug concentrations: A-0.025mM0-0.05mM;C-0.075mM;
D-0.10mM;E-0.15mM.

b
Peak height ratio of dyphylline to internal standard.

c
Concentration derived=(PHR+0.002648)/0.03182.



Table XIII- Plasma dyphylline
concentrations after in vitro
incubation of ditferent initial
dipivaloyl dyphylline concen-
trations in human plasma.

0
ROUNAME

1

TIME
(MIM/

2 h
P1In-

3 .(0) c
COMCWO/MI)

1. 11111 60. .026 .9003143
2. D2 120. .088 2.010774
3. B3 180. .1677 5.0392O1

4. B4 300. .230 7.562791

6. Cl 60. .0203 .9725951)

6. Ca 120. .1274 4.086989

7. C3 180. .252 8.002766

8. C4 j300. .327 10.35977

9. D1 60. .047 1.560277

10. D2 120. .171 5.157197

11. D3 180. .283 8.976998
12. D4 300. .43 13.59673

13. El 60. .047 1.560277

14. E2 /120. .214 6.000548
16. E3 100. .41 12.9682
1G. E4 300. .616 19.44211

17. Fl 60. .050 1.905971

18. F2 120. .1075 5.975738
19. F3 L180. .5 15.79661

20. F4 1300. .na 05.05317

Table XIV- Plasma dyphylline
concentrations after in vitro
incubation of different initial
di-p-Cl-benzoyl dyphylline con-
centrations in human plasma.

0
nouMAME

1

TIME
(MITI)

a
PlIn

3 (D)
COIIC(U0'ML)

I. Al 10. .1517 4.94494

2. A2 20. .19 6.054305

3. A3 30. .229 7.27995

4. 01 10. .1067 6.950597

S. D2 20. .293 9.291263

6. 03 30. .3826 12.1071

7. Cl 10. .263 8.31016

O. C2 20. .301 12.1511

9. C3 30. .499 15.76518

10. DI 10. .272 8.631301

11. 02 20. .469 14.82230

12. D3 30. .635 20.03922

13. El 10. .363 11.49111

14. E2 20. .72 22.7106

15. E3 30. .957 30.15061

a
Initial prodrug concentrations: A-0.02501111-0.05mMtC-0.075mfli
0-0. 10m11,13-0 .15mtl.

b
Peak height ratio of dyphylline to internal standard.

c
Concentration derived-,(1111140.002648)/0.03102.
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Figure 5- Dyphylline concentration produced by monopropionoyl
dyphylline of different initial concentrations vs time. Key:
A,0.025mM03,0.05mM;C,0.075mM;D,0.10mM;E,0.15mM.
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Figure 6- Dyphylline concentration produced by monoisobutyroyl
dyphylline of different initial concentrations vs time. Key:

A10.025mM;B10.05mM;C,0.075mM;D,0.10mM;Ef0.15mM.
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Figure 7- Dyphylline concentration produced by monopivaloyl
dyphylline of different initial concentrations vs time. Key:
A10.025mM;B4O.05mM;C,0.075mM;D,0.10mM;E,0.15mM.
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Figure 8- Dyphylline concentration produced by mono-p-C1-
bezoyl dyphylline of different initial concentrations vs time.
Key: A,0.025mM03,0.05mM;C,0.075mM;D,0.10mM;E,0.15mM.
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Figure 9- Dyphylline concentration produced by dipropionoyl
dyphylline of different initial concentrations vs time. Key:
A, 0. 025mM; B, 0. 05mM ;C,0.075mM;D,0.10mM;E,0.15mM.r

win.
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Figure 10- Dyphylline concentration produced by diisobutyroyl
dyphylline of different initial concentrations vs time. Key:
A,0.025mM;B4O.05mM;C,0.075mM;D,0.10mM;E,0.15mM.
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Figure 11- Dyphylline concentration produced by dipivaloyl
dyphylline of different initial concentrations vs time. Key:
A,0.025mM03,0.05mM;C,0.075mM;D,0.10mM;E,0.15mM.
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Figure 12- Dyphylline concentration produced by di-p-Cl-benzoyl
dyphylline of different initial concentrations vs time. Key:
At0.025mM;40.05mM;C,0.075mM;D,0.10mM;E,0.15mM.



Table XV- Initial conversion rates of different prodrug concentrations
in human plasma.

0
ROWNAME-

1 b
PLASMA
CONC

2
RATE1

3
RATE2

4
RATE3

5
RATE4

i
RATES

7
RATES?

,
8
RATE?

9
RATE8

(10-3M)
1. A .025 1.32 .466 1.98 .596 .291 2.77 .957
2. B .05 1.69 .876 4.37 1.03 .405 .0656 6.49 1.19
3. C .075 2.97 1.42 5.21 1.49 .562 .112 7.66 1.63
4. D .1 4.25 1.59 7.77 1.98 .86 .121 9.52 1.73
5 E .15 7.03 2.4 12.5 3.08 1.19 .161 13.17 2.48

aFive different initial prodrug concentrations in plasma.

bInitial conversion rates of five different concentrations of monopropionoyl
dyphylline (RATE1);dipropionoyl dyphylline (RATE2);monoisobutyroyl dyphylline
(RATE3);diisobutyroyl dyphylline(RATE4);monopivaloyl dyphylline(RATES):
dipivaloyl dyphylline(RATE6);mono-p-C1-benzoyl dyphylline(RATE7);di-p-C1-
benzoyl dyphylline(RATEB). (Rates in uM/min)
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PRODRUGS IN HUMAN PLASMA (IN VITRO)

14.
S

0. .02 .04 .06 .08 .1 .12

PRODRUG PLASMA CONCENTRATION (10-311)

Figure 13- In vitro conversion rate comparison of eight
dyphylline prodrugs in human plasma using linear regression
(slopes represent first-order conversion rate constants- see
text).

.15
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Figure 14- In vitro conversion rate comparison of eight
dyphylline prodrugs in human plasma using linear regression
forced through origin (slopes represent first-order conversion
rate constants- see next page).



Table XVI- Computer outputs of first-order conversion rate constants
of eight dyphylline prodrugs in human plasma.

a.
1

RSGUARE
2 d
SLOPE_1
(*10 -)

3
INTERCEPT
(*10 )

4
F VALUE

5
SIG. LEV.

1 .977 47.45 -.344 127.2 .0015

2 .987 15.22 .133 227.7 .001

3 .9845 82.63 -.245 190.5 .001

4 .997 19.9 .0432 1024. .001

5 .9831 7.52 .0602 174.9 .001

6 .9319 .885 .0319 27.37 .0347

7 .9723 78.59 1.63 105.3 .00197

8 .9822 12.08 .631 165.2 .00102

b.

1

RSGUARE
2
SLOPEd
(*10-3)

3
F VALUE

4
SIG LEV

1 .9923 44.12 514.4 .001

2 .9957 16.5 936.9 .0001

3 .9961 80.26 1001. .0001

4 .9992 20.32 5312. .0001

5 .9952 8.1 831.2 .001

6 .985 1.18 197.1 .001

.9876 94.44 318.3 .001

8 .9667 18.2 116. .001

c.

1

INTERCEPT
T-VALUE

2
SIG. LEV.

1 -.9009 .434

2 1.449 .243

3 -.4498 .683

4 .7657 .5

5 1.166 .328

6 1.869 .203

7 2.351 .1

8 7.396 .0051

a
Statistical results of ordinary linear regression for'Figure 13.

b
Statistical results of linear regression forced through origin
for Figure 14.

c
Student t-statistics of intercepts of ordinary linear regression (a);
results show they are not significantly different from zero at =0.05.
d
slope in minute-1
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Figure 15- Scatter plot and fitted linear regression
function for dyphylline concentration standard curve
in rabbit plasma. Key: PHR: peak height ratio of
dyphylline to internal standard (data in Table XVII).



Table XVII- Inversely estimated concentrations of individual standard
curve data using pooled function for dyphylline in rabbit plasma.

CONC
a

Trial 1 Trial 2 Mean

PHR
b

INV.EST.
c %THEORY PHR INV.EST. %THEORY INV.EST. %THEORY

ST1 1 0.018 1.25 125.0 0.015 1.16 116.0 1.21 120.5

ST2 4.08 0.105 3.98 97.5 0.111 4-17 102.2 4.08 100.0

ST3 7.03 0.19 6.63 94.3 0.207 7.16 101.8 6.9 98.2

ST4 12.04 0.355 11.78 97.8 0.375 12.4 103.0 12.1 100.4

ST5 20.0 0.613 19.83 99.2 0.646 20.9 104.3 20.34 101.7

ST6 30.0 0.872 27.9 93.0 0.938 29.96 99.9 28.93 96.4

ST7 42.13 1.33 42.16 100.1 1.365 43.28 102.7 42.72 101.4

102.7

aConcentration (uq/m1)

bpeak height ratio of dyphylline to internal standard.

cInversely estimated concentration=(PHR4.0.02261)/0.03206



Table XVIII- Dyphylline con-
centrations following in vitro
incubation of dipropionoyl
dyphylline in rabbit plasma.

e
ROUNAMc

1

TIME
(MIN)

2 b
PHR2

3 (D)0
CONC2

1. Ala 5. .0256 1.503743

2. A2 10. .0526 2.345914

3. A3 20. .1 3.824392

4. BI S. .0522 2.333437

S. B2 10. .119 4.417031

6. B3 20. .206 7.130692

7. Cl 5. .0796 3.108005

8.-C2 10. .17757 6.243918

9. C3 20. .322 10.74891

10. Di S. .1017 3.877417

11. 02 10. .223 7.6609413

12. D3 20. .459 15.02215

13. El 5. .1295 4.744541

14. E2 10. .3333 11.10137

15. E3 20. .661 21.32283

Table XIX- Dyphylline con-
centrations following in vitro
incubation of monoisobutyroyl
dyphylline in rabbit plasma.

0
ROUNAME

1
TIME
(MIN)

2
PHR3

3 (D)
COHC3

1. Al 5. .119 5.352776

2. A2 10. .155 5.539925

3. A3 15. .163 5.789157

1. 01 5. .27 9.126949

5. D2 10. .313 10.46818

6. D3 15. .327 10.90487

7. Cl S. .384 12.68278

U. C2 10. .484 15.80193

9. C3 15. .513 16.70619

10. D1 5. .571 18.5156

11. D2 10. .701 22.57019

12. D3 15. .728 23.11266

13. El 5. .832 26.65658

14. E2 10. 1.058 33.70586

16. E3 16. 1.120 35.88927

aDifferent initial prodrug concentrations: A-0.025mM0-0.05mM;

C-0.075mM;D-0.10mM;E-0.15mM.
bPHR: Peak height ratio of dyphylline to internal standard.

cConcentration derived=(PHRI-0.02261)/0.03206
ug/ml.



Table XX- Dyphylline con-
centrations following in vitro
incubation of diisobutyroyl
dyphylline in rabbit plasma.

0
ROUNAME

1

TIME
(MIN)

2 h
PHR4-

,

3 (D)c
COMC4

1. Ala 10. .111 4.167498

2. Aa 20. .1705 6.023394

3. A3 30. .175 6.163755

4. Bi 10. .226 7.754523

5. B2 20. .321 10.71772

6. 83 30. .3684 12.19619

7. Cl 10. .445 14.58546

8. C2 20. .6618 21.34779

9. C3 30. .757 24.31722

10. Di 10. .321 10.71772

11. D2 20. .474 15.49002

12. D3 30. .5507 17.88241

13. El 10. .6797 21.90611

14.
.

E2 '20. .963 30.74267

,15. E3 _30. 1.145 36.41953

Table XXI- Dyphylline con-
centrations following in vitro
incubation of monopivaloyl
dvphvlline in rabbit plasma.

a
ROWS` AME

1

TIME
(MIN)

2
PHRS

3 (D)
CONC
(UG/ML)

1. Al 5. .133 4.853712

2. A2 10. .163 5.789457

3. A3 20. .161 5.727074

4. Bi 5. .269 9.095758

5. B2 10. .353 11.71585

6. B3 20. .407 13.40019

7. C S. .417 13.7121

8. C2 10. .523 17.0184

9. C3 20. .601 19.45134

10. Di 5. .585 18.95228

11. D2 10. .746 23.97411

12. D3 20. .801 25.68964

13. El i5. .857 27.43637

14. E2 10. 1.133 36.04523

15. E3 20. 1.26 40.00655

aDifferent initial prodrug concentrations: A-0.025mM;B-0.05mM;
C-0.075mM;D-0.10mM;E-0.15mM.

b
PHR: Peak height ratio of dyphylline to internal standard.

cConcentration derived=(PHR+0.02261)/0.03206 ug/ml.



Table XXII- Dyphylline con-
centration following in vitro
incubation of dipivaloyl dy-
phylline in rabbit plasma.

0
ROWNAME

1

TIME
(MIN)

2 bPHR 3 (D)CCONC6

1. Ala 60. .149 5.352776
2. A2 120. .19 6.631628
3. A3 1180. .221 7.598565
4. 81 160. .294 9.875546
5. Be 1120. .336 11.18559
6. B3 1180. .3846 12.7015
7. Cl 160. .4754 15.53369
8. Ce 1120. .5678 18.41578
9. C3 180. .6239 20.16563

10. D1 160. .6316 20.4058
11. De 120. .733 23.56862
12. D3 180. .8182 26.22614
13. El 60. .9428 30.1126
14. E2 120. 1.1875 37.74516
15. E3 180. 1.236 39.25795

a
Different initial prodrug concentrations: A-0.025mM;B-0.05mM;
C-0.075mM;D-0.10mM;E-0.15mM.

b
PHR: Peak height ratio of dyphylline to internal standard.

c
Concentration derived=(PHR+0.02261)/0.03206 ug/ml.



Table XXIII- Initial conversion rates of different prodrug
concentrations in rabbit plasma.

0 a

ROIJNAME
1 b
PLASMA
CONC

e
RATE2

3
RATE3

4
RATE4

5
RATES

6
RATES

,

( 10 PI ) t 7

1. A .025 1.28 2.79 .2240794 3.44
2. B .0S 1.42 6.12 2.2 5.29 .403
3. C .075 1.92 8.73 4.23 7.77 .658
4. D .1 2.13 12.8 3.06 11.1 .848
5. E .15 3. 18.4 6.08 16.32 1.34

aFive different initial prodrug concentrations in plasma.

bInitial conversion rates of five different concentrations of
dipropionoyl dyphylline (RATE2);monoisobutyroyl dyphylline
(RATE3); diisobutyroyl dyphylline (RATE4); monopivaloyl dyphylline

(RATES); dipivaloyl dyphylline (RATE6).(Rates in uM /min)



CONVERSION RATE COMPARISON OF 6 DYPHYLLINE
PRODRUGS IN RABBIT PLASMA (IN VITRO)

19.
CONVERSION
RATE _6
(*10 M) 15.

10.

5.

o. I.

0. .oa .04 .06 .08 .1 .12 .15

PRODRUG1PLASMA CONCENTRATI
ON (10 M)

3 MONOISOBUTYROYL-
4 DIISODUTYROYL

MONOPIUALOYL-
6 DIPIVALOYL-
2 DIISOBUTYROYL

Figure 16- In vitro conversion rate comparison of five
dyphylline prodrugs in rabbit plasma using linear regression
forced throng! origin (slopes represent first-order conver-
sion rate -see next page).



Table XXIV- Computer outputs of first-order conversion rate constants of
five dyphyiline prodrugs in rabbit plasma,

'a.

1

RSQUARE
2
SLOPE
(*10-3)

3
INTERCEPT
(*10-3)

4
F VALUE

5
SIG LEV

2. .8978 21.19 .0145 26.35 .0143

3. .9956 121.9 .146 683.1 .001

4. .842 35.59 .522 16. .028

5. .9981 109.56 -.111 1858. .001

6..9972 8.98 -.0238 1079. .001

1

RSGUARE
2
SLOPE
(*10-1)

3
F VALUE

4
SIG LEV

2. .9754 21.33 158.6 .001

3. .999 123.3 3998. .0001

4. .9646 40.66 109. .001

5.
----v
6.

.9995 108.5 8676. .0001

.9991 8.75 4667. .0001

1
INTERCEPT

4
T-VALUE

2
SIG LEU

2. .0385 .972

3. .34S .753

4. .646 .564

5. -.442 .688

6.-.957 .409

aStatistical results of ordinary linear regression for Figure 16.
bStatistical results of linear regression forced through origin for Figure 16.
cStudent t-statistics of intercepts of ordinary linear regression(a); results
show they are not significantly different from zero at =0.05.
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CHAPTER II

PHARMACOKINETICS OF DYPHYLLINE AND

DIPIVALOYL DYPHYLLINE IN RABBITS
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INTRODUCTION

For prolongation of drug action through prodrug

design, there are at least three possible rate limiting

steps: (a) prodrug distribution into the central

compartment from the peripheral compartment, (b) slow

conversion rate from prodrug to drug and (c) slow

absorption due to slow dissolution of the prodrug.

Since dipivaloyl dyphylline has a low conversion rate

and a relatively high partition coefficient with low

solubility in water, it was chosen for the first trial in

vivo in rabbits to analyze the effects of prodrugs of

dyphylline on dyphylline blood concentration.

When first testing a new drug, rapid single-bolus

intravenous injection usually is the preferred route of

drug administration. However, the low solubility of

dipivaloyl dyphylline in all solvents tested resulted in

the need for relatively large amounts of injection vehicle

to dissolve dipivaloyl dyphylline. Intravenous infusion

was necessary to give a suitable dose to rabbits, and

infusion time was used to correct all calculated

pharmacokinetic parameters. Dyphylline was also dissolved

in the same solvent combination and administered in the

same dosing manner.

The purposes of this research were to study the in vivo

conversion behavior of dipivaloyl dyphylline through
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intravenous infusion and oral administration; and to

measure the effects of administration of dipivaloyl

dyphylline on dyphylline pharmacokinetics.
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EXPERIMENTAL

Materials and instrumentation used for in vivo studies

were basically the same as described in detail for in vitro

studies, but two HPLC columns and two HPLC delivery systems

were used to analyze dyphylline and prodrug concentrations

separately.

Animals- All works were performed using female New

Zealand White rabbits. These rabbits (2.5-3.5 Kg) were

housed in a university approved controlled environment and

allowed free access to water and food.

Drug administration- Dyphylline and dipivaloyl

dyphylline were dissolved for injection in a vehicle

containing (by volume) dimethylsulfoxside (DMSO,

Mallinckrodt) and polyethylene glycol 400 (U.S.P. grade,

J.C.Baker). Drug solutions were prepared at the shortest

possible time before administration by first dissolving 250

mg of dyphylline (or 415 mg dipivaloyl dyphylline which is

the molar equivalent of 250 mg of dyphylline) in 4.8 ml of

DMSO, followed by addition of the same amount of

polyethylene glycol 400. Drug samples were injected into

the right ear vein as a continuous infusion over a period

1
of 15 minutes using a infusion pump.

'Model 941 infusion/withdral pump, Harvard apparatus Co.,
Millis, Mass.
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For dipivaloyl dyphylline oral administration, 830 mg

(equivalent to 500 mg of dyphylline) was suspended in 8 ml

of distilled water after trituration with a small amount of

glycerin as a wetting agent. Oral preparations were given

by orogastric tube which was washed with an additional 8 ml

water to carry all drug into the rabbit.

Standards- The preparation for standard solutions was

essentially the same as described for in vitro studies

except whole blood was used rather than plasma. The blood

standard solutions for plasma dyphylline concentration

analysis contained 2, 4, 10, 30, 50, 80 and 200 ug/ml. For

prodrug concentration analysis, standard solutions of

concentration 2, 5, 20, 50 and 200 ug /ml were prepared.

Analytical Methods- The internal standards used were

8-hydroxypropyl theophylline and butylparaben (Eastman) in

acetonitrile.

Two sets of HPLC systems were used to analyse

dyphylline and dipivaloyl dyphylline concentrations at the

same time. The same amounts of two common treated blood

samples were injected onto each column separately.

The mobile phase for dyphylline analysis was composed

of acetonitrile 7.5% V/V in distilled water; for dipivaloyl

dyphylline analysis, acetonitrile 42% V/V in distilled

water was used.



54

Before dosing with drug the rabbit ear hair was

clipped and treated with hair remover lotion ; the whole

animal was then heparinized with 2 ml (200 units) of

Heparin sodium solution (Lilly) which was diluted in normal

saline before use.

Blood samples were collected from a left ear vein at

different time intervals using a catheter (20 G) and

sterile intermittent infusion plug.

Before collecting each sample, the rabbit ear was

rubbed with cotton treated with xylene and then with cotton

treated with procaine solution to dialate and anesthetize

ear veins. After a little more than 0.5 ml of blood was

collected the same volume of heparin solution (100 unit/ml)

was replaced.

Immediately after blood samples were drawn, exactly

0.5 ml of blood was added to a centrifuge tube containing

00C acetonitrile with the appropriate internal standard to

precipitate the protein and stop prodrug hydrolysis. After

voltexing well the blood acetonitrile mixture was

centrifuged1 (3000 x G, 10 minutes) and 10 ul of supernatant

solution was then injected into the HPLC.

1Model TJ-6 Centrifuge with Model TJ-R Refrigeration unit,
Beckman, California.
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RESULTS

The HPLC chromatogram basically is the same as shown

in Part I. Assayable concentration of dipivaloyl

dyphylline existed for only a short period of time; for

samples collected after 30 minutes, the amount of prodrug

remaining in the blood is not significant. Therefore, only

plasma dyphylline concentration was measured and reported.

Three dyphylline standard curves were prepared on

different days during the experiment. Since,

statistically, we can not reject the hypothesis that these

slopes and intercepts for three curves are equals, only one

pooled calibration curve was used for all blood dyphylline

concentration estimations.

Both linear (Fig.l) and parabolic (Fig.2) regressions

were carried out for these three sets of data generated.

The appropriate statistical information is shown in Tables

II and III.

From the inverse estimated data listed for comparison

(Table IV),it is shown that both fits gave high R-square

values. However, linear fit was not as good in the lower

concentrations for inverse estimation, thus the parabolic

regression function was used for unknown concentration

determination. Plasma dyphylline concentration thus

1regression analysis with indicator variables (12).
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generated for three rabbits following three different

administrations are shown in Tables II-IV.

I. Dyphylline intravenous infusion

A typical log blood dyphylline concentration versus

time plot (Fig.3, Table IV) shows a bi-linear decline after

infusion stopped, suggesting that dyphylline distribution

and elimination may be described by a standard

two-compartment open model shown schematically in Scheme

2

I. Data generated were fitted by a weighted (1/C )

nonlinear regression computer program (see Appendix)

according to equation 1(14):

Ko(K21-a) aT -at Ko(K21s) (ef3T....1) e-tCp- (e 1) e Ve(a-a)

= A(e aT-1) e -aT + B(e T-1) e
-(3t

(Eq.1)

where Cp is the concentration of dyphylline in plasma at

time t. While infusion is continuing, T=t and varies with

time. However, when infusion ceases,T becomes a constant

corresponding to the time infusion was stopped (i.e. T=

15) .

The microscopic constants were derived from A, a , B

and 6 values which were parameters fitted by a digital

computer (CDC 170/720) using raw data in Table IV. The

individual dyphylline pharmacokinetic parameters for the

three rabbits are shown in Table VII.

II. Dipivaloyl dyphylline intravenous infusion
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If a two-compartment open model is appropriate to

describe dyphylline distribution, then Scheme II in Figure

4 should be used to describe the dyphylline distribution

following prodrug administration. Equation 2 is thus

derived(14):

gyp_ KoK3(K21-a) (eaT-1) e-at KoK3(K21-) (eeT_1) e-at
Va (y-a) VI3 (S y)

KDK3((21-y) (eYT-1) e-Yt
VY(Y-f3)(y-a)

= A(e
aT-1) e -at + B(eaT-1) e -at + C(e'

yT-1) eYt (Eq.2)

However, the semilog plot of dyphylline concentration

versus time profile (Fig.4,Table V) showed that only one

linear terminal decline could be identified. It is clearly

shown that one or two of the exponential terms of equation

2 are relatively unimportant and appear to vanish on

stripping or fitting of data(14).

From the limited data available (Fig.4) microscopic

rate constants cannot be precisely derived. It has been

suggested that it is not necessary to derive the values of

microscopic rate contants at all in this case(14).

A model-independent pharmacokinetic analysis was

performed as an alternative analysis method. Using simple

least-square linear regression, the terminal slope was

fitted to be 0.0128(r=-.996), 0.0106(r=-.999) and

0.0116(r=.993). The mean apparent half-life of dyphylline
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after dipivaloyl dyphylline administration was calculated

to be 59.8 min + 9.4 which is 1.5 times prolonged compared

to dyphylline. This is, of course, not a true half-life

but would be due to the effect of conversion of prodrug to

dyphylline.

Area under the curves were also calculated as 3911.5,

3138.8 and 5190.4 ug/ml min after 240, 218 and 230 minutes.

The relative amount of dyphylline provided by intravenous

prodrug was about 60% ± 15%(S.D.) for the time studied by

comparison to the area under the curves from time zero to

infinity after intravenous dyphylline administration.

III. Dipivaloyl dyphylline oral administration

If a linear pharmacokinetic model were to be used to

describe drug distribution, Scheme III in Figure 4 would be

appropriate. However, there is insufficient information to

fit the data to the equation derived for this schematic

model with the blood concentration versus time profile

(Fig.5,Table VI). Due to ambiguity of the microconstants,

only terminal slopes were determined from linear regression

fits.

The terminal slopes are calculated to be

0.00319(r=-.958), 0.00236(r=.997) and 0.00106(r=-.978) ug

min/ml separately.

The apparent biological half-life of dyphylline

following dipivaloyl dyphylline oral administration was

217, 293 and 655 minutes for three rabbits (mean half-life
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388.3+60%), which is almost 10 times prolonged. The

prolongation is probably due to a prolonged dissolution and

absorption of the prodrug.

The area under the curves are 1954(7.7 hours),

1268(9.2 hours) and 4580 (24 .hours) ,ug min/ml. Compared

with dyphylline intravenous data , the relative amounts of

dyphylline provided by oral prodrug , compared with

dyphylline intravenous data, were 28.4 %, 18.5 % and 66.7 %

for the time period studied.
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DISCUSSION

In previous in vitro studies it was demonstrated that

dyphylline esters were converted to dyphylline in the

presence of ester hydrolysis enzymes in plasma. Thus, it

is likely that the esters of dyphylline should be able to

serve as prodrugs of dyphylline.

Dypivaloyl dyphylline infusion showed that assayable

concentrations of dipivaloyl dyphylline no longer existed

after 30 minutes. The insignificant prodrug concentration

and short presence of dipivaloyl dyphylline in plasma

suggests that it must be quickly hydrolyzed to dyphylline

in rabbits. The rapid appearance and high concentration of

dyphylline in plasma supports this evidence.

The extremely rapid conversion in vivo is contrary to

in vitro data. The much faster conversion rates in vivo

may be due to different enzymes being involved (such as

liver enzymes ) and possibly rapid distribution to

peripherial compartments may contribue to the rapid

disappearance from the blood stream.

Pharmacokinetic analysis was performed using a

nonlinear regression program, SIMPLEX(15), of which the

source listing and computer output are attached in the

Appendix.

Since the range of concentrations observed is wide and

pharmacokinetic interest is primarily in the terminal
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2

phase, a weighted (1/observation ) non-linear regression

was preferred. Criteria for termination of the computer

program execution are: (a) when error term won't reduce any

more (b) when the value of parameters change only

insignificantly (c) when different sets of parameters with

about the same error have quite different R-squares, choose

the one set with greater R-square value (For non-weighted

regression, R-square is always getting smaller; but this

won't hold for weighted regression) .

For easier watching of the modification process of

this non-linear regression program, the number of

iterations can be specified first and more iterations can

be added when necessary. When desired values of parameters

are reached, the execution can be terminated manully and a

table of inverse estimated values will be listed (see

example in Appendix).

Data collected suggest that dyphylline disposition

following intravenous injection can be described by a

two-compartment open model.

Although complete pharmacokinetic analysis was carried

out for the dyphylline intrveneous data (Table VII), only

terminal slopes and half-lives were calculated for

dyphylline data following prodrug administration to avoid

ambiguity concerning rate constants.

For drugs that are very rapidly eliminated, or for

dosage forms that slowly release drug in a first order
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fashion, a "flip-flop" model may be observed(13). In this

case, the absorption rate becomes the rate limiting step in

drug elimination (i.e. the terminal phase is purported to

approach Kab). If it is desired to have a smaller terminal

slope, and thus a prolonged duration of action, the prodrug

with the smallest Kab, desired. However, the smaller the

Kab, the less the fraction of dose administered which will

be absorbed. A suitable choice concerning these two

factors must be optimized to obtain an economic prodrug

design. Thus, other prodrug of Table I in last chapter

must also be studied in vivo to determine the "best"

prodrug. Since drugs with a small Kab will require a

longer time to reach an effective concentration range, a

dosage form containing an initial amount of dyphylline

mixed with prodrug might be necessary to obtain an ideal

formulation which will release some dyphylline

instantaneously and some by a slow-release process.

Variability in the terminal slopes for the data

collected for dyphylline following oral dipivaloyl

dyphylline administration is relatively large. A possible

explanation could be that the rate of dissolution was

dependent on the physical subdivision and wettability of

the preparation(16). Dissolution studies should be

performed for various dosage preparations to investigate

physico-chemical and dosage form effects.
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CONCLUSION

Although initial kinetic analysis via animal model

will provide some information that will obviate a great

deal of expensive and unnecessary research in higher

animals or man, diverse biological systems in different

animal species may make quantitive predictions of prodrug

effects complex. For further studies,several animal

species should be employed.

Since dipivaloyl dyphylline and other ester prodrugs

of dyphylline have very low solubility in water, dosage

forms for injection purpose will be impractical. Oral

formulations are desirable and practical. Before the

optimal choice can be reached, however, a series of

investigation will be necessary. It is clear that prodrugs

of dyphylline are effective in providing controlled blood

concentrations of dyphylline.



Table I- Inversely estimated concentrations of three individual rabbit plasma
standard curves using a pooled function.

CONCa

Trial 1 Trial 2 Trial 3 Mean

PHRb INV.EST %TIIEORY PHR INV.EST. %TIIEORY PHR INV.EST. %THEORY INV.EST. %THEORY

ST1 2 0.11 2.14 107.2 0.10 1.88 93.8 0.11 2.08 104.0 2.03 101.5

ST2 4 0.21 4.11 102.7 0.19 3.74 93.5 0.20 3.90 97.5 3.91 97.8

ST3 10 0.47 9.50 95.1 0.47 9.52 95.2 0.47 9.59 95.9 9.54 95.4

ST4 30 1.39 28.4 94.6 1.53 31.3 104.5 1.35 27:6 92.0 29.1 97.0

ST5 50 2.31 47.4 94.7 2.44 49.9 99.8 2.32 47.6 95.1 48.3 96.6

ST6 80 3.82 77.9 97.3 4.23 86.1 107.7 3.86 78.7 98.3 80.9 101.1

ST7 200 9.67 193. 96.5 10.6 211. 105.5 9.70 194. 97.0 199. 99.7

98.4

aConcentration (ug/ml)
bPeak height ratio of dyphylline to internal standard.
c
Inversely estimated concentration using regression function in Figure 2.
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FIT OF DATA TOR
F(X) -.04144+.0S*X

0. se.

CONO(UG/ML)

+ (OBSERVED VALUES)
(FITTED VALUES)

100. 150. 200.

Figure 1- Scatter plot and fitted linear regression
function for dyphylline standard curve in rabbit blood
(data from Table I). Key: PIIR: peak height ratio of
dyphylline to internal standard.



Table II- Computer output for pooled linear regression for three standard
curve data (Table I)

NUMBER OF DATA POINTS - 21

CORRELATION COEFFICIENT R .9983975 RSOUARED .9967975

STANDARD DEVIATION OF REGRESSION s. .1941423

PARAMETER TABLE

PARAMETER FITTED STANDARD TVALUE SIG. LEV.

VALUE DEVIATION

INTERCEPT .04143789 .05490328 .7547435 .4597

SLOPE .04999734 .0006501447 76.90186 .0001

ANALYSIS OF VARIANCE TABLE

SOURCE SUM OF D.F. MEAN F VALUE SIG. LEV.

SQUARES SQUARE

REGRESSION 222.902 1. 222.902 5913.897 .0001

RESIDUAL .7161331 19. .03769122 _



P
H
R

FIT OF DATA 101
F(X) -.00949+(.04825 *X)+(8.877E-6 .*X**2.)

e.

0. . 50.

COHO(UO/ML)

+ (OBSERVED VALUES)
(FITTED VALUES)

100. 150. 200.

Figure 2- Fitted second-order polynomial regression
function for dyphylline standard curve in rabbit blood
(data from Table I). Key: PHR: peak height ratio of
dyphylline to internal standard.



Table III- Computer output for pooled second-order polynomial regression
for three standard curves (data in Table I) .

POLYNOMIAL FIT OF DEGREE 2

NUMBER OF DATA POINTS 21

MULTIPLE R .9984417 MULTIPLE R-SQUARED .9968859
STANDARD DEVIATION OF REGRESSION .196692

PARAMETER TABLE
.

PARAMETER FITTED
VALUE

.

STANDARD
DEVIATION

T-VALUE
,

SIG. LEV.

BO -.009490172 .07136557 -.1329797 .8957

B1 .04825055 .00253177 19.05803 .0001

B2 8.67707x10-4 1.21'1332x10` .484

ANALYSIS OF VARIANCE TABLE

SOURCE SUM OF D.F. MEAN F VALUE SIG. LEV.
SQUARES SQUARE

REGRESSION 222.9217 2. 111.4609 2881.037 .0001

RESIDUAL .6963796 18. .03868776
_



Table IV- Blood dyphylline concentrations following dyphylline intravenous
infusion (3 rabbits were used and 9 samples were collected for each rabbitl

RB1

1

TIME
(MIN)

2
CONC
(UG/ML)

1 7. 101.35

2 14. 127.13

3 29.5 S4.28

4 66. 33.26

S 90.5 18.13

6 124. 10.21

7 162. 5.21

8
1

190.5 2.45
,

n9 220. 1.42

RB2

1

TIME
(MIN)

a
CONC
(UG/ML)

1 11. 123.09

2 20. 79.45

3 39. 52.2

4 63. 38.

5 89. 23.76

6 120. 12.91

7 152. 6.55

8 183. 3.59

9 211. 2.48

RB3

1
TIME
(MIN)

2
CONC
(Ua/ML)

1 10. 140.36

2 21. 115.85

3 33. 81.89

4 61. 50.15

5 92. 34.98

6 124. 21.81

155. 13.66

8 180. 8.73

9212. 5.91
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Figure 3- Semilogarithmic-plot of blood dyphylline
concentrations vs time for three individual rabbits

following a 15 minute dyphylline intravenous infusion

(data from Table IV).



Table V- Blood dyphylline concentrations following dipivaloyl dyphylline
intravenous infusion (3 rabbits were used and 9 samples were collected for

each rabbit) .

RB4
_

1
TIME
(MIN)

CONC
(UG/ML )

1 13. 48.13
2 29. 38.25
3 64.5 23.62.
4 9 ?. 15.76
5 121. 13.68
6 157. 9.07
7 184. 5.58
8 210. 3.57
9 240. 2.43

RB5

1
TIME
(MIN )

a
CONC
(UG/ML )

1 14.5 27.36
2 24. 32.13
3. 42. 25.32
4 75. 17.76
5 96. 15.14
6 135. 9.73

161.5 7.31
8 188. 6.58
9 218. 6.07

RB6

1
TIME
(MIN)

2
CONC
(UG/ML )

-
11. 22.98

2 23. 44.58
3 34. 45.69
4 64. 36.43
5 90. 30.25
6 132. 18.7
7 160. 13.3
8 183. 8.45
9 230. 5.91
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Figure 4- Semilogarithmic plot of blood dyphylline
concentrations vs time for three individual rabbits
following a 15 minute dipivaloyl dyphylline intravenous
infusion (data from Table V).



Table VI- Blood dyphylline concentrations following dipivaloyl dyphylline

oral administration (3 rabbits were used).

RB7

TIME
(MIN)

2
CONC
(UG"ML)

1 40. 5.19

2 64. 6.57

3 94. 6.41

4 126. 6.86

5 155. 6.26

6 191. 5.2?

7 216. 4.37

8 253. 4.51

9 275. 3.68

10 304. 2.93

11 336. 3.34

12 366. 2.91

13 412. 2.68

14 459. 2.03

RB8

i
TIME
(MIN)

2
CONC.
(UG/ML)

1 34. 1.68

2 64. 2.33

: 3 93. 2.19

4 123. 2.558

S 181. 2.315

6 243. 2.357

7 302. 2.626

8 346. 2.945

9 426. 2.49

10 485. 2.185

11 550. 1.812

RB9
1
TIME
(MIN)

2
CONC
(UG/ML)

1 35. 3.9

2 78. 3.86

3 97. 3.24

4 123. 3.72

5
,

180. 3.366

6 245. 3.076

305. 4.96

8 365. 4.57

9 424. 3.88

10 490. 3.22

11 543. 3.45

12 592. 3.01

13 710. 4.11

14 1440. 1.4
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Figure'6- Schematic representation of hypothetical
models used to describe dyphylline (Scheme I) and
prodrug (Scheme II) disposition following intravenous
infusion; and prodrug disposition following oral pro-
drug administration (Scheme III). All the transfer
constants are first-order except KO which is a zero-
order constant. Key: Xl,Central compartment for dy-
phylline;X2,Periferal compartment for dyphylline;X3,
Central compartment for prodrug;X4,Peripheral compart-
ment for prodrug;X5,G-I compartment for dyphylline;X6,
G-I compartment for prodrug.
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Table VII- Pharmacokinetic parameter estimates determined by
computer analysis of dyphylline blood data (Table IV).

Subject rabbit 1 rabbit 2 rabbit 3 mean

A,ug /ml 58.0 56.8 63.67 59.49

33,12g/m1 314 359 548 407

a,min-1 1.766 1.609 2.890 2.088

8,min-1 0.0194 0.0185 0.015 0.0177

Vc,m1 153.5 170.0 86.68 36.7

K 21,min-1 0.1174 0.1265 0.1387 0.1275

K
12

,min-1 1.376 1.265 2.452 1.698

Kel,min-1 0.292 0.236 0.315 0.281

AUC,ug min/ml 5795 5980 8832 6869

T
1/2,

min 35.7 37.4 46.2 39.8

Vd,ml 2310 2170 1820 2100
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APPENDIX

PROGRAM FOR NONLINEAR REGRESSION ANALYSIS

AND PHARMACOKINETIC CALCULATIONS

(excution example attached)
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PROGRAM SIMPLEX (INPUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT)
DIMENSION C(10), E(10), P(10,10), R(10), X(10), DELTA(30)
DIMENSION PERCENT(30)
COMMON N,NOBS,LIMIT,WEIGHT,LAG
COMMON XT(30),CY(30),CH(30),XH(30),XL(30)
INTER H
REAL K
PRINT *,"NO. OF ITERATION?"
PRINT *,"LIMITS? (0=N0,1=YES)"
PRINT *,"WEIGHT? (0=N0,1=1/Y,2=1/Y**2)"
PRINT *,"LAG TIME? (0=N0,1=YES)"
READ (5,*) TEST,LIMIT,WEIGHT,LAG
PRINT. *,"NO. OF OBSERVATIONS?"
READ (5,*) NOBS
PRINT *,"TIME SCALES?"
READ (5,*) (CT(I),I=1,NOBS)
PRINT *,"CONTRATIONS?"
READ (5,*) (CY(I),I=1,NOBS)
TOTAL = 0
DO 1 I=1,NOBS

1 TOTAL = TOTAL+CY(I)
MEAN = TOTAL/NOBS
SSTO = 0
DO 2 I=1,NOBS

2 SSTO = SST04-(CY(I)-MEAN)**2
C
C INITIAL VALUES
C

WRITE (6,31)
READ (5,*) N
IF (LAG.EQ.1) N = N+1
N1 = N+1
WRITE (6,32)
READ (5,*) (X(I),I =1,N)

IF (LIMIT.EQ.0) GO TO 3
PRINT *,"INPUT HIGH LIMITS"
READ (5,*)
PRINT *,"INPUT LOW LIMITS"
READ (5,*) (CL(I),I=1,N)

3 E(1) = ERROR(X)
WRITE (5,30) E(1)

C
C INITIALIZE THE SIMPLEX
C

DO 4 J=1,N
4 P(1,J) = X(J)

DO 6 I=2,N1
DO 5 J=1,N

5 P(I,J) = X(J)
P(I,I -1) = 1.1*X(I -1)
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6 IF (ABS(X(I-1)).LT.1E-12) P(I,I -1) = 0.0001
C
C FIND PL,PH
C
7 L = H = 1

DO 9 I=1,N1
DO 8 J=1,N

8 X(J) = P(I,J)
E(I) = ERRCR(X)
IF (E(I).LT.E(L)) L = I

9 IF (E(I).GT.E(H)) H = I
C
C FIND PNH
C
10 NH =L

DO 11 I=1,N1
11 IF (E(I).GE.E(NH).AND.I.NE.H) NH = I

C

C CALCULATE CENTROID
C

DO 13 J=1,N
C(J) = -P(H,J)
DO 12 I=1,N1

12 C(J) = C(J)+P(I,J)
13 C(J) = C(J)/N

C

C REFLECT
C
14 DO 15 J=1,N
15 R(J) = 1.9985*C(J)-0.9985*P(H,J)

ER = ERROR(R)

C

C
C

REFLECT AGAIN, IF SUCCESSFUL

IF (ER.LT.E(L)) GO TO 18
IF (ER.GE.E(H)) GO TO 26

16 DO 17 J=1,N
17 P(H,J) = R(J)

E(H) = ER
IF (ER.GT.E(NH)) GO TO 14
H = NH
GO TO 10

C
C EXPAND
C
18 L = H

H = NH
DO 19 J=1,N

19 X(J) = 1.95*R(J)-0.95*C(J)
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EX = ERROR(X)

IF (EX.LT.ER) GO TO 21
DO 20 J=1,N

20 P(L,J) = R(J)
E(L) = ER
GO TO 23

21 DO 22 J=1,N
22 P(L,J) = X(J)

E(L) = EX
23 WRITE (6,29) (P(L,J),J=1,N)

WRITE (6,30) E(L)
SSE = 0
DO 24 I=1,NOBS

24 SSE = SSE+(CH(I)-CY(I))**2
RSQ = 1-(SSE/SSTO)
WRITE (6,33) RSQ
TEST = TEST-1
IF (TEST.GT.0) GO TO 10
READ (5,*) TEST
IF (TEST) 10,36,10

36 PRINT *," TIME OBS.VAL. PRED.VAL. DELTA FERRO

DO 25 I=1,NOBS
DELTA(I) = CY(I)-CH(I)
PERCENT(I) = DELTA(I)/CY(I)*100
WRITE (6,34) XT(I),CY(I),CH(I),DELTA(I),PERCENT(I)

25 CONTINUE
STOP
GO TO 10

C
C CONTRACT
C
26 DO 27 J=1,N
27 R(J) = 0.5015*C(J)+0.4985*P(H,J)

ER = ERROR(R)
IF (ER.LT.E(L)) GO TO 18
IF (ER.LT.E(H)) GO TO 16

C
C
C

SCALE BY K (0.LT.K.LT.1)SHRINES SIMPLEX WHILE (K.LT.0

WRITE (6,35)
READ (5,*) K
DO 28 I=1,N1
DO 28 J=1,N

28 P(I,J) = P(I,J)+K*(P(L,J)-P(I,J))
GO TO 7
STOP

C
29 FORMAT (7H X(I)=,1P,4E14.5)

30 FORMAT (7H ERROR=,1P,E14.5)
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31 FORMAT (20H NO OF PARAMS
32 FORMAT (20H INITIAL ESTIMATES)

33 FORMAT (5H RSQ=,F7.5)
34 FORMAT (/5(F7.3,4X))
35 FORMAT (20H ENTER SCALE FACTOR )

END

1 FUNCTION ERROR(X)
2 COMMON N, NOBS, LIMIT, WEIGHT, LAG
3 COMMON XT(30) ,CY(30) ,CH(30) ,XH(30) ,XL(30)
4 DIMENSION X(30),AT(30),WT(30)
5 IF(LIMIT.EQ.0) GO TO 40
6 DO 10 I=1,N
7 10 IF(X(I).GT.XH(I).0R.X(I).LT.XL(I)) GO TO 200

8 40 IF(LAG.EQ.0)G0 TO 60
9 DO 30 I=1,NOBS

10 30 XT(I)=XT(I) -X(3)
11 60 DO 61 I=1,NOBS
12 61 WT(I)=1/CY(I)**WEIGHT
13 20 ERROR
14 DO 50 I=1,NOBS
15 IF(XT(I).LT.15) GO TO 400
16 AT(I)=15
17 GO TO 500
18 400 AT(I)=XT(I)
19 500 CH(I)=X(1)*(EXP(X(2)*AT(I))-1)*EXP(-X(2)*XT(I))

*+X(3)*(EXP(X(4)*AT(I))-1)*EXP(-X(4)*XT(I))
20 ERROR=ERROR+WT(I)*(CH(I)-CY(I))**2
21 50 CONTINUE
22 GO TO 300
23 200 ERROR=10**8
24 300 RETURN
25 END
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/SIMP11
NO. OF ITERATION?
LIMITS? (0=N0,1=YES)

WEIGHT? (0=N0,1=1/Y,2=1/Y**2)
LAG TIME? (0=NO,1 =YES)

? 1 0 2 0
NO. OF OBSERVATIONS?
?9
TIME SCALES?
? 7 14 29.5 66 90.5 124 162 190.5 220
CONTRATIONS?
? 101.35 127.13 54.28 33.26 18.13 10.21 5.21 2.45
NO OF PARAMS

1.42

? 4
INITIAL ESTIMATES

? 350 .02 260 .059
ERROR= 2.97661E+00
X(I)= 3.24252E+02 2.22098E-02 2.18947E+02 6.55188E-02

ERROR= 2.32463E+00
RSQ= .22599
? 10
X(I)= 3.05281E+02 1.84701E-02 2.39324E+02 7.03216E-02

ERROR= 1.84104E+00
RSQ= .25189
X(I)= 3.27324E+02 1.91734E-02 1.71286E+02 6.97165E-02

ERROR= 1.04128E+00
RSQ= .67415
X(I)= 2.42571E+02 2.05100E-02 1.31217E+02 8.33517E-02

ERROR= 7.85525E-01

RSQ= .92596
X(I)= 2.62049E+02 1.72902E-02 1.69828E+02 7.79144E-02

ERROR= 5.58978E-01
RSQ= .95214
X(I)= 2.71300E+02 1.68859E-02 1.20265E+02 8.71393E-02

ERROR= 3.90228E-01
RSQ= .83791
X(I)= 2.53975E+02 1.76777E-02 1.33802E+02 8.30027E-02

ERROR= 3.20073E-01
RSQ= .84849
X(I)= 2.71979E+02 1.79974E-02 1.26264E+02 8.27445E-02

ERROR= 3.12519E-01
RSQ= .89770
X(I)= 2.53692E+02 1.83688E-02 1.18796E+02 8.49928E-02

ERROR= 3.08917E-01
RSQ0 .94790
X(I)= 2.63973E+02 1.74705E-02 1.18388E+02 8.58676E-02

ERROR= 2.87319E-01
RSQ= .95025
X(I)= 2.54032E+02 1.80202E-02 1.05826E+02 8.59079E-02

ERROR= 2.72076E-01
RSQ= .92671
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X(I)= 2.74440E+02 1.85221E-02 8.52230E+01 8.85299E-02

ERROR= 2.44308E-01
RSQ= .93682
X(I)= 2.83815E+02 1.87501E-02 8.75197E+01 8.87780E-02

ERROR= 2.35122E-01
RSQ= .94243
X(I)= 2.88302E+02 1.88398E-02 8.02034E+01 8.98930E-02

ERROR= 2.33062E-01
RSQ= .92755
X(I)= 2.82352E+02 1.84062E-02 8.93992E+01 8.92525E-02

ERROR= 2.32763E-01
RSQ= .94698
X(I)= 2.94790E+02 1.88360E-02 8.23972E+01 9.03909E-02

ERROR= 2.29687E-01
RSQ= .94020
X(I)= 2.90125E+02 1.88475E-02 8.09329E+01 9.08086E-02

ERROR= 2.28852E-01
RSQ= .93760
X(I)= 2.98684E+02 1.89620E-02 7.55661E+01 9.22079E-02

ERROR= 2.27720E-01
RSQ= .92920
X(I)= 2.92417E+02 1.87005E-02 8.32910E+01 9.09715E-02

ERROR= 2.27710E-01
RSQ= .94358
X(I)= 2.95230E+02 1.89590E-02 7.68822E+01 9.30414E-02

ERROR= 2.24163E-01
RSQ= .93723
X(I)= 2.91325E+02 1.86443E-02 8.39334E+01 9.30293E-02

ERROR= 2.21625E-01
RSQ= .94440
?5

X(I)= 3.02724E+02 1.91120E-02 6.93656E+01 9.69529E-02

ERROR= 2.20355E-01
RSQ= .93253
X(I)= 2.92070E+02 1.88068E-02 7.19831E+01 9.73555E-02

ERROR= 2.18802E-01
RSQ= .93304
X(I)= 2.90375E+02 1.89788E-02 7.66823E+01 9.82580E-02

ERROR= 2.12966E-01
RSQ= .94237
X(I)= 2.91969E+02 1.87424E-02 7.27826E+01 1.02936E-01

ERROR= 2.03368E-01
RSQ= .94089
X(I)= 2.76391E+02 1.85805E-02 8.59085E+01 1.07191E-01

ERROR= 1.93080E-01
RSQ= .95942
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0
TIME OBS.VAL. PRED.VAL. DELTA %ERROR

7.000 101.350 97.933 3.417 3.372

14.000 127.130 132.681 -5.551 -4.366

29.500 54.280 59.750 -5.470 -10.078

66.000 33.260 29.456 3.804 11.437

90.500 18.130 18.323 -.193 -1.065

124.000 10.210 9.574 .636 6.232

162.000 5.210 4.585 .625 12.005

190.500 2.450 2.639 -.189 -7.718

220.000 1.420 1.490 -.070 -4.933

.405 CP SECONDS EXECUTION TIME.

/BYE

QIXASC LOG OFF 13.16.17.

CMXABC SRU 3.634 LINTS.


