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ABSTRACT 

A novel approach using smoothing cubic splines and 

point-area deconvolution to estimate the absorption kinetics 

of linear systems has been investigated. A smoothing cubic 

spline is employed as an interpolation function since it is 

superior to polynomials and other functions commonly used 

for representation of empirical data in several aspects. An 

advantage of the method is that results obtained from the 

same data set will be more consistent, irrespective of who 

runs the program or how many times you run it. In addition, 

no initial estimates are needed to run the program. The 

same sampling time or equally spaced measurement of unit 

impulse response and response of interest is not required. 

The method is compared with another method by using 

simulated data containing various degrees of random noise. 

x 



CHAPTER 1 

INTRODUCTION 

Estimation of the in vivo absorption rate of drug is 

receiving more attention in biopnarmaceutical and 

pharmacokinetic studies since concerns of bioavailability 

has been widespread. This is in part due to an increased 

interest in the development and marketing of new drug 

delivery systems. Providing correlation between in vitro 

tests and bioavailability has also been a factor since in 

vitro test may not reflect in vivo drug product performace. 

Assessment of the rate and the extent for new formulations 

has become an important topic. 

One common method to calculate the absorption rate 

constant is called the method of residuals or stripping 

which requires assumptions about the corr.partmental model and 

the absorption process (1). This method neither gives the 

absorption rate constant of the first-order appearance of 

drug in the systemic circulation nor incorporates the 

complex aspect about the assumption of absorption process. 

It causes problems in interpreting the drug concentration-

time data obtained after oral administration. The problems 

of vanishing exponential terms and "flip-flop" phenomena 

encountered in absorption rate constant calculation are 

examples. 
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In 1959, Nelson calculated the rate of absorption from 

urinary excretion data. His method requires the fraction of 

drug reaching the circulation which is assumed to be 

excreted unchanged in the urine. It also requires the first 

and second derivatives of a plot of cumulative amount of 

unchanged drug in the urine against time. There are 

difficulties to get these parameters with reasonable 

accuracy. Later, Wagner and Nelson (2) published the "per 

cent absorbed-time plots" which are derived from blood level 

or urinary excretion data after oral or intravenous 

administration of a drug. The prior knowledge of the 

apparent volume of distribution and the order of the 

absorption process are not required. 

Loo and Riegelman (3) studied sorce experimental blood 

concentration data after a known input rate and found that 

the Wagner-Nelson method underestimates the time span at 

which absorption ceases and overestimates the absorption 

rates. With the fact that it is more acceptable to 

represent the body as a two-compartmental open system (4), 

they proposed a very useful and widely accepted method by 

modifying the Wagner-Nelson equation for the two 

compartmental model. The method also can be extended for 

drugs that distribute in any number of pharmacokinetic 

compartments. There is variability in estimating 

microconstants and potential source o.f error by using a two-
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term Taylor expansion in simplifying the calculation of 

absorption rates of drug in multicompartmental systems (5). 

Recently, deconvolution methods have been applied to 

the study of the rate and extent of in vivo drug absorption. 

Rescigno and Segre (6) applied the transfer function and 

demonstrated the indirect calculation of convolution 

integral by graphic or numerical methods. In 1978, 

Cutler(7,8) published a deconvolution method which takes a 

prescribed form for the input function and uses the least-

squares criterion to approximate the drug input rates. In 

particular, an exponential input function, a polynomial 

function and an input function derived from the cubic-root 

dissolution law were considered. The least-squares 

criterion is to minimize the difference between the data and 

the particular function approximater. The axial iteration 

technique is applied to minimize the difference. By this 

technique, one parameter is fixed and a minimum is found 

with respect to the other parameter, and vice versa on the 

next iteration. The process is iterated and the required 

minimum is approached by steps parallel to each axis in 

turn. The process is terminated when the change in 

parameter values on successive iterations is less than a 

prescribed amount. 

Veng-Pedersen (9,10) applied the superposition and 

convolution integral properties of linearly responding 
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systemic circulation. He assumes that the unit impulse 

response is appropriately approximated by a polyexponential 

function with real and/or complex conjugate time 

coefficients. He derived an explicit expression for the 

rate and the extent of drug input. The polyexponential 

expressions are fitted to the unit impulse response data 

with equal weights using a nonlinear regression program. 

The cubic spline function was fitted to the input response 

data using the subroutine VC03A from the Harwell subroutine 

library. 

Chiou (11,12,13) applied the instantaneous midpoint-

input principle to develop an empirical method for rapid 

calculation of drug absorption rates. The instantaneous 

midpoint-input principle assumes that all drug absorbed 

during a given interval is absorbed instantaneously at the 

midpoint of the interval regardless of the complex 

absorption kinetics. Vaughan (14) pointed out that the 

instantaneous midpoint-input approximation can cause large 

errors in the cumulative drug input functions. He also 

reported that the Chiou's method is equivalent to the point-

area method (15) of numerical deconvolution when the 

analytical integration of the unit impulse is approximated 

by a rectangular function. The point-area method is derived 

by relating an unknown input function to a "staircase" 

input. 
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Iga et. al. (16) applied the point-area method of 

deconvolution published by Vaughan and Dennis (15) for 

estimating the input rates. They represent the unit impulse 

response by a multiexponential function. The input rates 

can be obtained by substituting those parameters for the 

multiexponential function into the equation of point-area 

deconvolution. They also smoothed the rate profiles by 

calculating the mean of the absorption rates between 

adjacent time intervals to obtain the more realistic 

results. Their method was tested by simulated data and 

reported data. The user must supply the method for 

estimating the parameters for the multiexponential function 

by himself. Otherwise, this method can not be applied for 

evaluating the input rates. 

Cheng (17) published a method for estimating the 

apparent abosrption rate constant based on the transfer 

function. Transfer function is defined as the ratio of 

response of interest to the unit impulse response in the 

Laplace domain. By applying Benet's method for describing a 

linear mammillary compartmental model, the response'of 

interest and the unit impulse response were represented as 

the product of an input function and a disposition function 

in Laplace domain. The derivation is simplified by 

assuming first-order absorption. The apparent absorption 

rate constant can be expressed as the ratio of the response 



of interest to an area function AUCF(t) where the area 

function is defined as AUCF(t) = F-AUCiv (0-> t)-AUCP o (0->t). 

All methods described previously for estimating the 

drug absorption kinetics have their own characteristics and 

specialities. The assumptions that they make usually focus 

on the number of compartments, the order of the absorption 

process or the functional form for representing the body in 

order to simplify the derivations. They are not valid and 

applicable when those assumptions are not met. This limits 

their applications. 

This work provides an algorithm and a computer program 

which employs a smoothing cubic spline and a numerical 

deconvolution method to explore the unknown drug input 

profiles. It has less assumptions than those methods 

mentioned above. By knowing the response of interest and 

the unit impulse response, the unknown input rates can be 

determined with fewer potentially biasing or unnecessary 

assumptions and without doing complex mathematical 

derivation to find the solutions. No initial estimates are 

required to run the program. Additionally, less user's 

intervention is required. The user must provide the 

information about dose and data for response and impulse 

response only. The program gives the input rate profile. 

It is a simpler approach. 



CHAPTER 2 

BASIC THEORY 

The following convolution integral describes the 

relationship between the drug concentration C(t) after an 

arbitrary drug input and the rate of input F(t) for a linear 

system : 

"t 
C(t) = ?(T) CS (T—T) dT (Eq. 1) 

0 

CB (t) is the unit impulse response, the drug concentration-

time curve following an intravenous administration divided 

by the magnitude of the input. By applying the Vaughan and 

Dennis'(15) point-area deconvolution, the numerical 

evaluation of the input rare can be obtained: 

a fTn — Tt - 2 
C (Tn ) - I Ri - l I CB (t) dt 

1 = 2 jTn-Ti-l 
Rn = (Eq. 2) 

fTn -Tn - 1 
| Cb it) dt 

JO 

Rn is the drug input rate at time interval Tn-i to Tn. 

C(To) is the drug concentration at time Tn after 

administration of input and the integral of Cs (t) is the 

area under the unit impulse response curve between 0 and Tn-

Tn - l . 

The numerical deconvolution method implied by equation 

7 
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2 requires measurement of the drug concentrations after oral 

and intravenous administration neither at equally spaced 

time intervals nor at the same time points. However, there 

are two problems that must be solved. The first one is 

selection of a method for calculating the area under the 

unit impulse response curve at some time interval. The area 

under the curve is often calculated by trapezoidal or log 

trapezoidal method. The former method tends to overestimate 

the area when the curve is concave and underestimate when 

data form a convex curve. The log trapezoidal method can 

compensate the error of calculating the area of 

exponentially declined curves, but not in the ascending 

curves (18). 

The second problem is that interpolation between data 

points is required. This problem can be solved by curve 

fitting which uses nonlinear regression to minimizes the sum 

of squares of the distances of the data points to the curve. 

The nonlinear regression problem is solved iteratively and 

several methods can be applied to calculate these iterations 

such as steepest descent, Gauss-Newton, Marquadt, Simplex, 

etc.. However, the user must provide some information such 

as the initial estimates of parameters, weighting functions, 

and model equations, to start running the iterations. 

Sometimes it is hard to get these parameters since the 

situations become complex. Phenomenon such as 
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nonconvergence, slow convergence, local minima or redundant 

variables may happen (19). It is doubtless that nonlinear 

regression is a powerful technique for data analysis. But, 

in order to get more consistent results, the use of 

interpolation functions would be advantageous. 

Many interpolation functions can be chosen to 

approximate the function values, for instance, Lagrange 

interpolating polynomial, Hermite interpolation, spline 

interpolation, etc. The most common piecewise polynomial 

approximation using cubic polynomials is called cubic spline 

interpolation. A cubic polynomial involves four coefficient 

terms; so there is sufficient flexibility to ensure not only 

that the interpolant is continuously differentiable on the 

interval, but also that it has a continuous second 

derivative on the interval. A cubic spline interpolant S 

for a given function f defined on [a,b] and a set of 

numbers, called nodes, a = xo < xi < ... < xn = b, is a 

function that satisfies the following conditions (20): 

a) S is a cubic polynomial, denoted Sj on the 

subinterval [xj , xj+i] for each j = 0, 1, ..., n-1; 

b) S(xj) = f(xj ) for each j = 0, 1, . . . , n-2 ; 

c) Sjti (xjn ) = Sj(Xjti) for each j = 0, 1, —, n-2; 

d) S'jti (XJM ) = S ' J (xj +1 ) for each j = 0 , 1, . . . , n-2 ; 

e) S"jm (xj u ) = S"j(xjti) for each j = 0, 1, ..., n-2; 

f) boundary values about first derivatives or second 
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derivatives. 

Therefore, this is a system of linear equations and can be 

easily solved by Gaussian elimination process. The solution 

of this system of linear equations exists and is unique. 

Experimental data are usually scattered and sampling is 

often limited in pharmacokinetic studies. Therefore, it is 

desirable to use the smoothing spline which can smooth noisy 

data. There are several approaches to smoothing spline 

methods corresponding to different points of view in dealing 

with the noise in the data (21) . Only the penalized least 

squares method is discussed here since it is the strategy 

that is applied here. 

The method of penalized least squares (22) for fitting 

smoothing spline is more frequently used. It is similar to 

the least squares curve fitting process. Consider the model 

yi = g(ti ) + ei , i = 1, 2, . . . , n, ti is an element of 

[0,1], where g is an element of W2<m> = { f: f, f', 

f<m-i> absolutely continuous, f<"> is an element 

of la [0,1] }. L2 is the set of measurable square integrable 

functions on [0,1]. The (eiI are random errors with Eei=0 

and Eeiej=o2, where i is not equal to j. The symbol E 

denotes expect value. g0, a is the estimate of g. In other 

word, gn,a is the solution to the problem: 

find f, an element of W2<m> , to minimize 
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1 a' '1 
I (f(XI)-yi)z + a (f<•> (u))2 du (Eq. 3) 

n 1 = 1 JO 

The form of the function of gn,a is a smoothing polynomial 

spline. The infidelity to the data is measured by the 

first term of Eq. 3. The tradeoff between the "roughness" 

of the solution is measured by the integral of the second 

term in Eq. 3. 

The parameter a controls the amount of smoothing and 

governs the average square error R(a;g) = R(a). The average 

square error is defined by : 

1 n 
R(oc) = I (gn ,« (tj )-g(tj ) )* (Eq. 4) 

n j = 1 

The spline will become an interpolating spline as a —> 0. 

When a —> «> the smoothing term dominates and removes not 

only noise but also the signal. The correct choice of a is 

considerably important. Reinsch (23) suggests, that if o2 

is known, then a should be chosen so that the infidelity 

satisfies: 

1 n 
I (gu ,a (tj ) -yj ) 2 = o2 (Eq. 5) 

n J = t 

Wahba (24) obtains theoretical optimum choice of a in 

the equally spaced data case when certain further smoothness 

and periodicity conditions are imposed. His result shows 

that a should be chosen so that the infidelity defined by 

the left-hand side of Eq. 5 is actually slightly less than 
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o2 (22). However, this result is not practical in that how 

much less depends on n as well as on the unknown g and on 

o2, which may also be unknown. 

Craven and Wahba (22) provide an estimate a, called the 

generalized cross-validation estimate, for the minimizer of 

R(a). The a is the minimizer of V(a) defined by: 

1 

n 
V(a) = 

(I-A(a))y 

£ trace(I-A(a) J 

(Eq. 7) 

"|| ||" is the norm of (I-A(a))y. I is the identity matrix. 

y=(yi, ya)T and T denotes transpose. A(a) is the nxn 

matrix uniquely determined by : 

(gn,a(ti), ..., gn,a(tn))T = A(Of)y (Eq. 8) 

The International Mathematical and Statistical Library 

(IMSL) (25) contains an "easy-to-use" version of a cubic 

spline data smoother, a subroutine named ICSSCV. It has 

been developed based on the theorem of Craven and Wahba(22). 

It is simple to use without knowing anything about smoothing 

cubic splines and the smoothing parameter a. 



CHAPTER 3 

MATERIALS AND METHODS 

A subroutine called SPDEC (see Appendix) was written in 

FORTRAN to carry out the smoothing spline interpolation and 

the point-area deconvolution for the input rate evaluation. 

First, the program checks to determine if the number of data 

points is large and the abscissa are equally spaced. If 

both conditions are met, a faster approach to obtain the 

coefficients of smoothing spline interpolation is used. If 

not, those coefficients of smoothing spline interpolation 

are calculated by another method. Error conditions 

associated with using the subroutines in IMSL library are 

checked through out the program. 

The program uses the smoothing spline to obtain the 

interpolation for response and unit impulse response at any 

time point. By substituting these interpolations into the 

point-area deconvolution formula, the program does the 

calculation of input rates. In crder to obtain a smooth 

curve for calculated input rates, the smoothing spline 

interpolation routine is applied again. The calculated 

input rate at any time point of the studying course can be 

obtained. The amount of dose absorbed at each subinterval 

is calculated by intergrating the smoothing spline 

interpolation for the input rate profile. The cumulative 

amount absorbed to each time interval is also recorded. The 

13 
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program was executed on a MicroVax-II system running under 

VMS (Digital Equipment Corporation, Maynard, Mass). 

Cutler's data sets are presented in table I. He 

generated simulated data sets as follows. Exact values of 

the response of interest C(t) were calculated numerically by 

selecting an input function F(t) and a unit impulse response 

function Cs (t). Noise was added to the unit impulse 

response and response of interest by selecting random 

numbers from a normal distribution with a prescribed 

standard deviation. The Nottingham Algorithms Group (NAG) 

library subroutine G05AEF was used to generate the normally 

distributed numbers. The standard deviation was taken to be 

proportional to the function value and is expressed as a 

percentage. A noise level of x% added to the function value 

y is a random number drawn from a normal distribution with 

mean zero and standard deviation xy/100. 

Since the forms of the unit impulse response function 

and the exact input function were assumed by Cutler in 

advance, the response function of interest could have been 

solved for analytically. These exact values for the 

response of interest were analytically determined by the 

author and listed in table II and table III. Five data 

sets of unit impulse response and response of interest with 

1% or 5% random'error added were generated by author. They 

are also presented in table II and table III. The method of 
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Table I. Cutler's simulated data sets containing 1% or 10% 
random noise. 

Ca (t) = e-9 4 + e- 1 
F (t) = 1. 2e" 2 1 

Values with Values with 
Exact values 1% noise 10% noise 

Time Time 
Ca (t) C(t) Ca (t) C(t) Ca (t) C(t) 

0.1 1.511 0.180 1.515 0.181 1.425 0.191 
0.2 1.187 0.293 1.177 0.291 1.220 0.250 
0.3 0.964 0.360 0.972 0.361 1.041 0.320 
0.4 0.806 0.394 0.789 0.388 0.702 0.397 
0.6 0.599 0.400 0.589 0.399 0.475 0.421 
0.8 0.468 0 .368 0.473 0.372 0.452 0.402 
1.0 0.375 0.327 0.372 0.328 0.400 0.384 
1.2 0.304 0.288 0.307 0.286 0.294 0.293 
1.4 0.248 0.250 0.249 0.249 0.237 0.291 
1.6 0.202 0.211 0.208 0.210 0.185 0.218 
2.0 0.135 0.155 0.135 0.153 0.147 0.146 
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Table II. Simulated data sets containing 1% random error. 

Cs (t) = e-31 + e- » 
F (t) = 1. 2e~ 2 1 

C(t) = 1 . 2 e ~ l  -  0.8e-2t - 0.4e"st 

Data sets 

Time Exact values 1 2 

Cs (t) C(t) C6 (t) C(t) Cs (t) C(t) 

0. 1 1.511 0.188 1. 542 0.189 1.538 0.184 
0. 2 1.187 0.299 1. 193 0.299 1.192 0.299 
0. 3 0.964 0.361 0. 949 0.363 0.964 0.361 
0. 4 0.806 0.391 0. 797 0.399 0.806 0.397 
0. 6 0.599 0.398 0. 597 0.391 0.594 0.399 
0. 8 0.468 0.370 0. 470 0.373 0.471 0.366 
1. 0 0.375 0.330 0. 375 0.326 0.376 0.327 
1. 2 0.304 0.288 0. 307 0.286 0.306 0.288 
1. 4 0.248 0.247 0. 249 0.247 0.243 0.249 
1. 6 0.202 0.209 0. 200 0.208 0.203 0.212 
2. 0 0.135 0.148 0. 135 0.147 0.135 0.147 

Data sets 

Time 3 4 5 

Cs (t) C(t) Cs (t) C(t) C6 (t) C(t) 

0.1 1 .499 0 .187 1. 504 0 .187 1 .527 0 .188 
0.2 1 .177 0 .304 1. 209 0 .298 1 .207 0 .300 
0.3 0 .964 0 .360 0. 963 0 .365 0 .968 0 .366 
0.4 0 .820 0 .395 0. 808 0 .387 0 .807 0 .393 
0.6 0 .604 0 .392 0. 596 0 .392 0 .600 0 .397 
0.8 0 .474 0 .372 0. 471 0 .377 0 .465 0 .374 
1.0 0 .373 0 .329 0. 379 0 .334 0 .373 0 .331 
1.2 0 .301 0 .284 0. 307 0 .287 0 .302 0 .282 
1.4 0 .246 0 .249 0. 246 0 .248 0 .243 0 .245 
1.6 0 .203 0 .208 0. 200 0 .208 0 .201 0 .211 
2.0 0 .136 0 .147 0 . 134 0 .147 0 .134 0 .148 
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Table III. Simulated data sets containing 5% random error. 

Cs (t) e~3 1 + e- t 
F (t) = 1 .2e-21 
C(t) = 1 .2e-t - 0.8e-2t 

r> l 0
) ** 0
 

1 

Data sets 

Time Exact values 1 2 

C8 (t) C(t) C6 (t) C(t) Cfl (t) C(t) 

0.1 1.511 0.188 1.666 0.196 1.646 0.171 
0.2 1.187 0.299 1.215 0.297 1.212 0.296 
0.3 0.964 0.361 0.888 0.371 0.964 0.353 
0.4 0.806 0.391 0.761 0.431 0.806 0.427 
0.6 0.599 0.398 0.588 0.364 0.574 0.414 
0.8 0.468 0.370 0.476 0.386 0.484 0.367 
1.0 0.375 0.330 0.377 0.311 0.380 0.311 
1.2 0.304 0.288 0.321 0.277 0.312 0.286 
1.4 0.248 0.247 0.252 0.249 0.221 0.259 
1.6 0.202 0.209 0.193 0.206 0.204 0.212 
2.0 0.135 0.148 0.136 0.145 0.127 0.153 

Data sets 

Time 3 4 5 

Cs (t) C(t) Cs (t> C(t) Cs (t) C(t) 

0. 1 1.450 0.185 1.478 0.182 1.590 0.187 
0. 2 1.137 0.326 1.295 0.297 1.288 0.304 
0. 3 0.964 0.354 0.958 0.380 0.984 0.385 
0. 4 0.879 0.412 0.815 0.369 0.810 0.404 
0. 6 0.625 0.369 0.584 0.368 0.604 0.393 
0. 8 0.496 0.379 0.483 0.404 0.455 0.390 
1. 0 0.366 0.325 0.397 0.352 0 .364 0.337 
1. 2 0.289 0.267 0.317 0.282 0.296 0.260 
1. 4 0.237 0.259 0.239 0.253 0.223 0.235 
1. 6 0.208 0.203 0.194 0.203 0.197 0.219 
2. 0 0.139 0.144 0.132 0.145 0.132 0.146 



18 

generating error terms is similar to that of Cutler. The 

only difference is that standard normally distributed random 

numbers were generated by the IMSL subroutine GGNPM. The 

error terms were obtained by multiplying these generated 

normal values with the function values and associated error 

level. However, comparison of these supposed exact values 

of the response of interest calculated by Cutler and 

repeated by the author were found to be quite different from 

each other. Those values of response calculated 

analytically should have been more accurate. 

To assure that the smoothing spline interpolation will 

remove noise but not the signal, other simulated data were 

generated for this purpose. They are presented in table IV. 

The same unit impulse response function and a new input 

function consisting of two different input rates at • 

different rimes were chosen. The supposed exact values of 

the response of interest were also obtained by the 

analytical method. The simulated data for the unit impulse 

response with 1% or 5% random error added were used for the 

reabsorption phenomenon. 

The subroutine SPDEC was tested first by using exact 

values of the response of interest and the unit impulse 

response to assure that the program is functioning properly. 

The results are presented as graphs fig. 1-6. There are two 

smoothing spline interpolation curves, one for the response 
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Table -IV. Simulated data sets of recyclic phenomenon which 
1% and 5% random error are added to unit impulse response 
data. 

C8 (t) = e-st + e-» 
F(t) = 1.2e~2t + 0.3e-2<*"1>+ 
C(t) = 1.2e-t - 0.8e-2t - 0.4e-5t + 0.3e-<t"1)+ 

- 0.2e- 2 < t - i > + - 0.1e- 9<t-i>* 

Time Ca (t) with C(t) CB (t) with C(t) 
1% error 5% error 

0.1 1.542 0.188 1.666 0.188 
0.2 1.193 0.299 1.215 0.299 
0.3 0.949 0.361 0.888 0.361 
0.4 0.797 0.391 0.761 0.391 
0.6 0.597 0.398 0.588 0.398 
0.8 0.470 0.370 0.476 0.370 
1.0 0.375 0.330 0.377 0.330 
1.2 0.307 0.363 0.321 0.363 
1.4 0.249 0.345 0.252 0.345 
1.6 0.200 0.309 0.193 0.309 
2.0 0.135 0.230 0.136 0.230 
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of interest and one for the unit impulse response for 

examination of the smoothing spline interpolation. The 

other two graphs are the calculated input rate profile and 

cumulative percent dose absorbed profile. Plots of 

calculated input rate versus exact input rate and calculated 

cumulative percent dose absorbed were made to inspect the 

deviation. The data sets presented in table I-IV were used 

to test this subroutine. Those results are shown in the 

same way as described above. 

Statistical inference methods are inappropriate to 

compare the results obtained from applying the Cutler's 

method and author's on Cutler's data sets. The reason is 

that there is only one simulated data set for each error 

level. The percent difference between the exact values and 

predicted values were calculated for comparing accuracy. 

Randomness of error was also checked by visual inspection on 

the positive or negative sign of the percent difference. 

For the results obtained from the data sets with 1% or 

5% error generated by author, the mean and standard 

deviation of five calculated input rates at each time point 

were calculated. The significant difference between the 

exact input rates and the mean of five calculated input 

rates at each time point was tested by using two-tailed 

student's t-test at the 0.05 level of significance. 



CHAPTER 4 

RESULTS 

Fig. 1-6 show the results of employing the new method 

for the supposed exact data set of response and unit impulse 

response. Fig. 1 consists of the smoothing spline 

interpolation curve for the response of interest and the 

exact response curve. Fig. 2 consists of the smoothing 

spline interpolation curve for the unit impulse response and 

the exact unit impulse response. Fig. 3 illustrates the 

calculated input rate profile and exact input profile. Fig. 

4 is the plot of calculated input rate versus exact input 

rate at each time point. Fig. 5 illustrates the calculated 

percent dose absorbed and exact percent dose absorbed. Fig. 

6 is the plot of calculated cumulative percent dose absorbed 

versus exact cumulative percent dose absorbed. All six 

graphs show good agreement between calculated values and 

exact values. 

Tables V-VI and fig. 7-18 show the results for Cutler's 

data sets with 1% or 10% noise. The fifth and sixth column 

of table V are the calculated input rates for Cutler's data 

sets with 1% or 10% noise, respectively. The percent 

difference between the exact input rates and the calculated 

input rates are listed in table VI. The first few 

calculated rates seem to be less accurate. There is a 



Fig. 1. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for the exact response 
data shown in table II. The solid line and symbols 
indicate the spline interpolation and exact response, 
respectively. 
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Fig. 2. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for the exact unit 
impulse response data shown in table II. The solid line 
and symbols indicate the spline interpolation and exact 
unit impulse response, respectively. 
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Fig. 3. Estimated the input rate profile by applying the 
new method on the data set shown in table II. The solid 
line ana symbols indicate the calculated input rates and 
exact input rates, respectively. 
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Fig. 4. Plot of calculated input rate versus exact input 
rate for the data set shown in table II. The solid line 
denotes equivalency. 
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Fig. 5. The profile of cumulative percent dose absorbed 
estimated by applying the new method for the data set shown 
in table II. 
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Fig. 6. Plot of calculated cumulative percent dose absorbed 
versus exact cumulative percent dose abos'rbed for the data 
set shown in table II. The solid line denotes equivalency. 
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Table V. Input rates calculated for the 1% and 10% data 
sets shown in table I by Cutler's method and new method. 

Estimated rates 
Exact 

Time Input Cutler New Method 
Rate 

1% 10% 1% 10% 

0 .1 0.982 0.977 0 .964 0 .948 0.840 
0 .2 0.804 0.802 0 .817 0 .814 0.771 
0 .3 0.659 0.658 0 .692 0 .682 0.705 
0 .4 0.539 0.540 0 .587 0 . 563 0.637 
0 .6 0. 361 0.364 0 .422 0 .371 0.495 
0 .8 0.242 0.245 0 .303 0 .238 0.352 
1 .0 0.162 0.165 0 .218 0 .156 0.227 
1 .2 0.109 0 .111 0 .156 0 .108 0.134 
1 .4 0.073 0 .075 0 .112 0 .074 0.071 
1 .6 0.049 0.051 0 .081 0 .051 0.026 
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Table VI. Comparison of calculated input rates shown in 
table IV with exact input rates. 

Time 
Exact 
Input 
Rate 

Percent Difference 

Time 
Exact 
Input 
Rate 

Cutler New Method Time 
Exact 
Input 
Rate 

1% 10% 1% 10% 

0.1 0.982 -0.56 -1.88 -3.55 -1*4.52 
0.2 0.804 -0.30 1.57 1.13 -4.13 
0. 3 0.659 -0.09 5.07 3.60 6.97 
0.4 0 .53*9 0 .15 8.86 4.34 18 .14 
0.6 0.361 0 .72 16.77 2.74 36.97 
0.8 0.242 1.11 25.05 -1.57 45.32 
1.0 0.162 1.60 34.24 -4.00 39.84 
1.2 0.109 1.93 43.25 -1.10 23.42 
1.4 0 .073 4.29 53.42 1.78 -2.19 
1.6 0.049 4.55 65.64 3.89 -45.81 
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negative calculated input rate in the last time point of the 

data set with 10% noise. It appears that the input rates 

obtained by Cutler's method are closer to the supposed exact 

input rates. However, those rates calculated by the new 

method have less systematic deviation from the exact input 

rates than those calculated by Cutler's method. 

Fig. 7 depicts the smoothing spline interpolation curve 

for response and the response curve for Cutler's data with 

1% noise. Fig. 8 depicts the smoothing spline interpolation 

curve for the unit impulse response ana the unit impulse 

response curve for Cutler's data with 1% noise. It can be 

seen that the smoothing cubic spline provides a good 

interpolation for both response and unit impulse response 

with 1% noise. Fig. 9 illustrates the estimated input rate 

profile for the data set with 1% noise. The first-order 

absorption pattern can be recognized easily. Fig. 10 is the 

plot of calculated input rate versus exact input rate for 

data set with 1% noise. A relatively greater deviation is 

seen in the earlier time points. Fig. 11 is the percent 

dose absorbed curve obtained by integrating the smoothed 

input rate profile of Fig. 9. The percent dose absorbed 

until time 2.0 hour is about 98.03% which is close to the 

exact value of 98%. Fig. 12 is the plot of calculated 

cumulative percent dose absorbed versus exact cumulative 

percent dose absorbed. 



Fig. 7. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for the response data 
with 1% noise added shown in table I. The solid line ana 
symbols indicate the spline interpolation and original 
response, respectively. 
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Fig. 8. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for the unit impulse 
response data with 1% noise added shown in table I. The 
solid line and symbols indicate the spline interpolation 
and original unit impulse response, respectively. 
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Fig. 9. Estimated input rate profile by applying the new 
method on data set with 1% noise added shown in table I. 
The solid line and symbols indicate the calculated input 
rates and exact input rates, respectively. 



GOT 

«•» 



Fig. 10. Plot of calculated input rate versus exact input 
rate for the data set with 1% error added shown in table 
The solid line denotes equivalency. 
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Fig. 11. The profile of cumulative percent dose absorbed 
estimated by the new method for the data set with 1% noise 
added shown in table I. 
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Fig. 12. Plot of calculated cumulative percent dose 
absorbed versus exact cumulative percent dose absorbed f 
the data set with 1% noise shown in table I. The solid 
line denotes equivalency. 
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Fig. 13 depicts the smoothing spline interpolation 

curve for response and the response curve for Cutler's data 

with 10% noise. Fig. 14 depicts the smoothing spline 

interpolation curve for unit impulse response and the unit 

impulse response curve for Cutler's data with 10% noise. 

Since the noise level is higher, the difference between the 

data points and interpolation is also increased. Fig. 15 

illustrates the estimated input rate profile for the data 

set with 10% noise. The input rates are declining, but the 

predicted values are far from the exact input ones. Fig. 16 

is the plot of calculated input rate versus exact input rate 

for data set with 10% noise. Inaccurate prediction can be . 

seen more clearly from fig. 16. There is only one 

prediction rate close to the exact value. Fig. 17 is the 

percent dose absorbed curve obtained by integrating the 

smoothing input rate profile fig. 15. The percent dose 

absorbed until time 2.0 hours is about 104%. There is a 

slight decrease because the calculated rate at the last time 

point is negative. This decrease can be seen more obviously 

in fig. 18. Fig. 18 is the plot of calculated cumulative 

percent dose absorbed versus exact cumulative percent dose 

absorbed. 

Table VII-VIII and fig. 19-24 are the results for the 

author's data sets with 1% error. Table VII presents the 

estimate of input rates calculated for the author's data 



Fig. 13. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for the response data 
with 10% noise added shown in table I. The solid line and 
symbols indicate the spline interpolation and original 
response, respectively. 
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Fig. 14. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for the unit impulse 
response data with 10% noise added shown in table I. The 
solid line and symbols indicate the spline interpolation 
and original unit impulse response, respectively. 
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CONCENTRATION 



Fig. 15. Estimated input race profile by applying the new 
method on data set with 10% noise added shown in table I. 
The solid line and symbols indicate the calculated input 
rates and exact input rates, respectively. 
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Fig. 16. Plot of calculated input rate versus exact input 
rate for the data set with 10% error added shown in table 
I. The solid line denotes equivalency. 
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Fig. 17. The profile cf cumulative percent dose absorbed 
estimated by the new rr.etn.od for the data set with 10% noise 
added shown in table I. 





Fig. 18. Plot of calculated cumulative percent dose 
absorbed versus exact cumulative percent dose absorbed f 
the data set with 10% error added shown in cable I. The 
solid line denotes equivalency. 
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Table VII. Estimate of input rates calculated for the data 
sets with 1% error added shown in table II by using the new 
method. 

Input rates 

Time Exact set set set set set 
Rate 12 3 4 5 

0. 1 0 .982 0 .966 0 .961 0 .985 0 .979 0 .971 
0. 2 0 .804 0 .819 0 .815 0 . 822 0 .819 0 .810 
0 . 3 0 .659 0 .683 0 .679 0 .672 0 .646 0 .661 
0. 4 0 .539 0 .558 0 . 554 0 .542 0 . 506 0 .532 
0. 6 0 .361 0 .363 0 .355 0 .352 0 .377 0 .361 
0. 8 0 .242 0 .236 0 .231 0 .234 0 .261 0 .246 
1. 0 0 .162 0 .155 0 .160 0 .157 0 .149 0 .151 
1. 2 0 .109 0 .106 0 .115 0 .110 0 .105 0 .103 
1. 4 0 .073 0 .072 0 .081 0 .075 0 .074 0 .083 
1. 6 0 .049 0 .048 0 .053 0 .047 0 .043 0 .059 

Table VIII. Statistical comparison of input rates calculated 
for the data sets with 1% error added shown in table II by 
using the new method. 

Time Exact mean SD tcai t-
Rate test 

0.1 0.982 0 .972 0.010 -2.24 ns 
0.2 0.804 0.817 0.005 5.81 s 
0.3 0.659 0.668 0.015 1.34 ns 
0.4 0.539 0.538 0.021 -0.11 ns 
0.6 0 . 361 0.362 0.010 0.22 ns 
0.8 0.242 0.242 0 .012 0,00 ns 
1.0 0.162 0.154 0.004 -4.47 s 
1.2 0 .109 0 .108 0.005 -0 .45 ns 
1.4 0.073 0.077 0 .005 1.79 ns 
1.6 0 .049 0.050 0.006 0.37 ns 
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sets shown in table II. The statistical comparison of input 

rates in table VII are presented in table VIII. By using a 

two-tailed student's t-test, most of the means obtained by 

averaging the five calculated input rates at each time point 

were not significantly different from the exact ones at each 

time point, except the means at time points 0.2 and 1.0. 

Fig. 19 consists of the smoothing spline interpolating 

curve for the response and the response curve for the 

author's data set 1 with 1% error. Fig. 20 consists of the 

smoothing spline interpolation curve for the unit impulse 

response and the unit impulse response curve for author's 

data set 1 with 1% arror. The^unit impulse response and 

response with intervening 1% error are interpolated nicely. 

The estimated input rate profile for the author's data set 1 

with 1% error is illustrated in fig. 21. It shows good 

agreement with the simulated data. Fig. 22 is the plot of 

average calculated rate versus exact rate. Fig. 23 presents 

the cumulative percent dose absorbed curve obtained by 

integrating the smoothed input rate profile of fig. 21. The 

cumulative percent dose absorbed is 97.62%. Fig. 24 is the 

plot of average calculated cumulative percent dose absorbed 

versus exact percent dose absorbed. 

Tables IX-X and fig. 25-30 are the results for author's 

data sets with 5% error. Table IX presented the estimate of 

input rates calculated zzr the author's data sets shown in 



Fig. 19. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for the response data 
set 1 with 1% error added shown in table II. The solid 
line and symbols indicate the spline interpolation and 
original input response, respectively. 
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Fig. 20. Rectilinear plot, of concentrations versus time 
obtained by smoothing cubic spline for the unit impulse 
response data set 1 with 1% error added shown in table 
The solid line and symbols indicate the spline 
interpolation ana original unit impulse response, 
respectively. 
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Fig. 21. Estimated input rate profile by applying the new 
method on data set 1 witr. 1% error added shown in table I 
The solid line and symbols indicate the calculated input 
rates and exact input rates, respectively. 



INPUT BBTE 



Fig. 22. Plot of average calculated input rate versus exact 
input rate for the data sets with 1% error added shown in 
table II. The solid line denotes equivalency. 
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Fig. 23. The profile of cumulative percent dose absorbed 
estimated by the new method for the data set 1 with 1% 
error added shown in table II. 





Fig. 24. Plot of average cumulative percent dose absorbed 
versus exact cumulative percent dose absorbed for the data 
set with 1% error added shown in table II. 
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Table IX. Estimate of input rates calculated for the data 
sets with 5% error added shown in table III by using the 
new method. 

Input rates 

Time Exact set set set set set 
Rate 12 3 4 5 

0 .1 0. 982 0 .936 0 .878 0. 985 1 .003 0 .935 
0 . 2 0. 804 0 .821 0 .811 0. 844 0 .819 0 .837 
0 .3 0. 659 0 .710 0 .707 0. 578 0 .646 0 .670 
0 .4 0. 539 0 .623 0 .546 0. 380 0 .506 0 .495 
0 .6 0. 361 0 . 414 0 .228 0. 446 0 .377 0 .380 
0 .8 0. 242 0 .268 0 .115 0. 344 0 .261 0 .289 
1 .0 0. 162 0 .165 0 .109 0. 123 0 .149 0 .098 
1 .2 0. 109 0 .099 0 .120 0. 134 0 .105 0 .068 
1 .4 0. 073 0 .058 0 .076 0. 103 0 .074 0 .129 
1 . 6 0. 049 0 .029 0 .036 0. 016 0 .043 0 .100 

Table X. Statistical comparison of input rates calculated 
for the data sets with 5% error added shown in table III by 
using the new method. 

Time Exact mean SD tca i t-
Rate test 

0 .1 0.982 0.947 0.049 -1.60 ns 
0 . 2 0.804 0 . 826 0.014 3.51 s 
0.3 0.659 0 .662 0.054 0.12 ns 
0.4 0.539 0 . 510 0.079 -0.82 ns 
0.6 0.361 0 . 369 0 .084 0.21 ns 
0.8 0.242 0.255 0.085 0,34 ns 
1.0 0.162 0.129 0 . 028 -2.64 ns 
1.2 0 .109 0 .105 0 .025 -0.36 ns 
1.4 0.073 0.088 0.028 1.20 ns 
1.6 0 . 049 0 .045 0.032 -0.28 ns 



table III. The statistical comparison of input rates in 

table IX are presented in table X. Only the calculated rate 

at time point 0.2 hours is significantly different from the 

exact one. Fig. 25 consists of the smoothing interpolation 

curve for the response and the response curve for the 

author's data set 1 with 5% error. Fig. 26 consists of the 

smoothing interpolation curve for unit impulse response and 

the unit impulse response curve for author's data set 1 with 

5% error. The interpolation for the unit impulse response 

shows minimal deviation from the true unit impulse response 

curve. For the input respose curve, the smoothing spline : 

could not smooth the points between time 0.4 and 0.8 hours. 

The spurious curvature of spline funciion appeared. Fig. 27 

is the estimated input rate profile f:r the author's data 

set 1 with 5% error. It appears as a first-order input 

profile with the exception of the first few calculated 

rates. Fig. 28 is the plot of average calculated rate 

versus exact rate. As expected, the deviation is more than 

that of the 1% curve. Fig. 29 shows the percent dose 

absorbed curve obtained by integrating the smoothed input 

rate profile of fig. 27. The percentage input is 98.81%. 

Fig. 30 is the plot of average calculated cumulative percent 

dose absorbed versus exact percent: dose absorbed. This plot 

shows a trend of underestimation. 



Fig. 25. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for the response data 
set 1 with 5% error added shown in table III. The solid 
line and symbols indicate the spline interpolation and 
original input response, respectively. 
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Fig. 26. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for the unit impulse 
response data set 1 with 5% error added shown in table III. 
The solid line and symbols indicate the spline 
interpolation and original unit impulse response, 
respectively. 
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Fig. 27. Estimated input rate profile by applying the new 
method on data set 1 with 5% error added shown in table 
III. The solid line and symbols indicate the calculated 
input rates and exact input rates, respectively. 
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Fig. 28. Plot of average calculated input rate versus exact 
input rate for the data sets with 5% error added shown in 
table III. The solid line denotes equivalency. 
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Fig. 29. The profile of cumulative percent dose absorbed 
estimated by the new method for the data set 1 with 5% 
error added shown in table III. 





Fig. 30. Plot of average cumulative percent dose absorbed 
versus exact cumulative percent dose absorbed for the data 
set with 5% error added shown in table III. 
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Fig. 31-33 are obtained for the simulated enterohepatic 

recycling data sets shown in table IV. Fig. 31 shows the 

smoothing spline interpolation curve for the enterohepatic 

recycling response and the response curve. The smoothing 

spline shows two peak concentrations. Fig. 32 and fig. 33 

present the input rate profiles obtained for enterohepatic 

recycling response and unit impulse response with 1% or 5% 

error, respectively. Both graphs show that there are two 

distinct inputs. 



Fig. 31. Rectilinear plots of concentrations versus time 
obtained by smoothing cubic spline for enterohepatic 
recyclic response data shown in table IV. The solid line 
and symbols indicate the spline interpolation and original 
input response, respectively. 
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Fig. 32. Estimated input rate profile for recyclic 
phenomenon by applying the new method on unit impulse 
response data with 1% error added. The data set is 
shown in table IV. 
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Fig. 33. Estimated input rate profile for recyclic 
phenomenon by applying the new method on unit impulse 
response data with 5% error added. The data set is shown 
in table IV. 
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CHAPTER 5 

DISCUSSION AND CONCLUSION 

Fig. 1-6 obtained for supposed exact data set 

demonstrate and confirm that this program technically works. 

Input rates can be predicted well as long as the error in 

the data set is low. The results obtained by testing the 

new method on Cutler's simulated data sets with 1% or 10% 

noise are compared with Cutler's method. However, 

statistical comparison is not possible since the number of 

data set is one and the degree of freedom is zero. The 

accuracy of these two methods was determined by the percent 

difference between the exact values and predicted values. 

Based on this comparison, Cutler's method is more accurate. 

Observing the sign of percent difference of Cutler's results 

shown in table VI, his method tends to overestimate the 

input rates. For the data set with 1% noise, the first 

three percent difference are negative values and the rest of 

them are positive valves. For the data set with 10% noise, 

the first one is negative value and the rest are positive 

values. This should not happen since the data sets are 

generated by adding random errors. Oppositely, the pattern 

of errors for the new method in predicting the input rates 

appears more random and even. 

The accuracy of the new method depends on many factors. 
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Undoubtedly tne description of a drug in the body will be 

more comprehensive with more frequent sampling. It also 

relies on the estimation of the unit impulse response and 

the response of interest. In order to gain a reliable 

estimate of response, a sensitive assay is fundamental and 

an accurate interpolation between data points is desired. 

In the new method, the spline function is employed as an 

interpolation function instead of other empirical functions, 

such as polynomials or exponentials since their extreme 

flexibility and pronounced local properties cause them to 

introduce little bias in the results. 

The smoothing splines in Fig. 7-8 and Fig. 21-22 are in 

good agreement with the data points. In Fig. 13-14 and Fig. 

28, there is more deviation between the data curve and 

spline interpolation since the noise levels are higher; but 

those curves still look very smooth and typical. In fig. 

13, the spline interpolation value at time point zero is not 

zero. This is because the spline does not enforce an 

initial condition of zero. It is potentially a disadvantage 

of applying the smoothing spline. The spline interpolation 

value at time point zero might be closer to the true value 

if there was more intensive data sampling in the absorption 

phase. 

The smoothing spline in Fig. 25 seems to just follow 

the empirical data points and does not appear smooth the 
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noises- in the data. Spline methods occasionally produce 

spurious and unrealistic oscillations and the inclination of 

such occurrences increases with increasing noise level in 

the data (18). Therefore, this might be a spurious 

curvature. The shape of this curve seems realistic and has 

been seen before, however. It may happen when a drug has 

the characteristic of reabsorption, e.g. enterohepatic 

recycling. This possibility can not be neglected when the 

smoothing spline interpolation or response curve shows two 

peak concentrations. In this case, it is sure that this is 

deviation because the input function is assumed to be simple 

first-order process and data sets were generated based on 

this assumption. The two peak concentrations in Fig. 25 are 

a consequence of the fact that the smoothing cubic spline 

can not unlimitedly smooth out all levels of noise. 

Another problem about the spline functions is that, in 

some certain conditions, they can result in significant 

"overshoot" by the interpolation function when the data 

points are distributed such that the slope of the linear 

interpolation line joining them changes abruptly, errors 

will arise in the spline interpolation. Such errors are the 

consequence that the first two derivatives of the cubic 

spline are equated at each interior point, so the spline 

function often overshoots the linear interpolation line 

(26). For example, in some simulations the last one or two 
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estimated input rates in elimination phase are negative. It 

is unrealistic to get a negative prediction in input rates. 

It might be caused by the generated data itself since there 

is no negative input rate that was predicted in the author's -

data sets. 

For the results obtained from the author's data sets 

with 1% or 5% error, the input profiles in Fig- 23 and Fig. 

29 are first order inputs which match the assumed input 

kinetics. Fig. 25 is an unusual response curve. However, 

the new method still can solve the input kinetics and 

coincide with the pattern of the assumed input function. A 

smoothing spline is used again for the calculated input rate 

profile. 

It has been considered whether the new method can 

distinguish different situations from the response curve. 

One simple kind of reabsorption function was assumed and the 

data sets were generated in table IV. The smoothing spline 

interpolation in Fig. 31 is of similar shape to the one in 

Fig. 25, but the actual input functions are quite different. 

This response combined with the unit impulse response with 

1% or 5% error was evaluated and two rate profiles were 

obtained. Both Fig. 32-33 show that there are two distinct 

input kinetics. This implies that the new method can 

distinguish the different situations and the smoothing 

spline interpolation for calculated input rate profile does 
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The new proposed method has the advantages of 

efficiency and convenience in evaluating the input kinetics. 

It requires the least assumptions and limitations concerning 

the body system, input mechanisms and sampling as compared 

to other techniques. It is a valuable tool for the 

evaluation of drug input kinetics. Hopefully, the easy 

computational implementation of the method presented may 

lead to a less assumptive and more objective approach in 

drug absorption studies. 



APPENDIX 

SUBROUTINE SPDEC (XI,F1,NXl,DPO, X2 , F2,NX2,DIV,NRET,XXI,SNl,XX2,SN2 

* ,T1,RATE,T2,PCT) 

C INPUTS : 

C RESPONSE OF INTEREST: 

C XI, Fl, NXl - TIME, RESPONSE (TYPICALLY 

C CONCENTRATION), AND NUMBER OF DATA POINTS, 

C RESPECTIVELY. MUST INCLUDE A RESPONSE VALUE 

C FOR X1(1)=0. 

C (IER=131 IF ABSCISSAE NOT IN ASCENDING ORDER.) 

C (IER=130 IF LESS THAN 4 DATA POINTS.) 

C DPO - DOSE ASSOCIATED WITH RESPONSE OF INTEREST. 
C 

C IMPULSE RESPONSE: 

C X2, F2, NX2 - TIME, RESPONSE (TYPICALLY 

C CONCENTRATION), AND NUMBER OF DATA POINTS, 

C RESPECTIVELY. 

C NOTE: THE VALUES IN THE ARRAY F2 ARE DIVIDED BY 

C DIV TO OBTAIN THE UNIT IMPULSE RESPONSE FROM AN 

C INPULSE RESPONSE OF ANY DOSE. THE VALUES OF F2 

C WILL, THEREFORE, BE DIFFERENT AFTER CALLING SPDEC. 

C (IER=131 IF ABSCISSAE NOT IN ASCENDING ORDER.) 

C (IER=130 IF LESS THAN 4 DATA POINTS.) 

C DIV - DOSE ASSOCIATED WITH IMPULSE RESPONSE. 
C 

C USER SELECTED OUTPUT SPECIFICATION: 

C NRET - NUMBER OF POINTS REQUESTED FOR OUTPUT ARRAYS. 
C 

C OUTPUTS : 

C SPLINE APPROXIMATION OF THE RESPONSE OF INTEREST: 

C XXI, SNl, NRET - TIME, SPLINE APPROXIMATION OF 

C THE RESPONSE, AND LENGTH OF ARRAYS, 

C RESPECTIVELY. 
C 

C SPLINE APPROXIMATION OF THE IMPULSE RESPONSE: 

C XX2, SN2, NRET - TIME, SPLINE APPROXIMATION OF 

C THE IMPULSE RESPONSE, AND LENGTH OF ARRAYS, 

C RESPECTIVELY. 
C 

C RATE OF INPUT: 

C Tl, RATE, NRET - TIME, SPLINE APPROXIMATION OF 

C INPUT RATE, AND LENGTH OF ARRAYS, RESPECTIVELY. 
C 

C PERCENT OF INPUT: 

C T2, PCT, NRET - TIME, SPLINE APPROXIMATION OF 

C PERCENT OF DOSE (DPO)INPUT, AND LENGTH OF ARRAYS, 

C RESPECTIVELY. 
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c DIMENSIONS AND ARRAY LIMITS: 
C MAXDAT ARRAYS X1,F1,X2,F2 MUST NOT EXCEED MAXDAT. 

C MAXRAT ARRAYS XXI,SN1,XX2,SN2,T1,T2,RATE,PCT MUST NOT 

C EXCEED MAXRAT. 

C MAXSPL MUST BE ONE LESS THAN MAXDAT. 

C MAXWK DIMENSION OF WK (WORK) ARRAY, MUST BE THE MAXIMUM 

C OF NX*(3*NX+5) OR 6*NX WHERE NX IS THE GREATER OF 

C NX1 OR NX2. 

C 
IMPLICIT DOUBLE PRECISION (A-H,0-Z) 

INTEGER I,IER,IJOB1,IJOB2,N,NX1,NX2 
PARAMETER (MAXDAT=50,MAXRAT=500,MAXSPL= 49,MAXWK=7750,TTI = 5,TTO=6) 

REAL*8 X1(*),F1(*),X2(.*),F2(*) 

REAL*8 XXI( *) ,SN1(*),XX2(*) ,SN2(*),T1(*),T2(*),RATE(*),PCT(*) 

REAL*3 CI(MAXSPL, 3), C2 (MAXSPL, 3), C (MAXSPL,3) 

REAL*8 Yl(MAXDAT),Y2(MAXDAT),Y(MAXDAT) 

REAL * 8 QD(MAXRAT),QN(MAXRAT),R(MAXRAT),T(MAXRAT) 

REAL*8 WK(MAXWK) 

REAL*3 A,B,DIV,DPO,HALF,Q,SPAN 

DATA HAL? / 0.5 / 

SPAN = XI(2)-XI(1) 

DO 10 I = 2, NX1-1 

IF (NX1.LT.2 0.OR.XI(I +1)-XI(I).NE.SPAN) GO TO 20 

10 CONTINUE 
IJOB1 = 2 
GO TO 30 

20 IJOB1 = 1 

30 CALL ICSSCV (XI,F1,NX1,Y1,CI,MAXSPL,IJOB1,WK,IER) 

IF (IER.NE.0) WRITE (TTO,*) IER,'IS IER FROM RESP & ICSSCV' 

SPAN = X2(2)-X2(1) 

DO 40 I = 2, NX2-1 

IF (NX2.LT.20.OR.X2(I +1)-X2(I).NE.SPAN) GO TO 50 

40 CONTINUE 

IJOB2 = 2 

GO TO 60 
50 IJOB2 = 1 

60 IF (DIV.NE.1.0) THEN 

DO 70 I = 1, NX2 

F2(I) = F2(I)/DIV 

. 70 CONTINUE 

ENDIF 

CALL ICSSCV (X2,F2,NX2,Y2,C2,MAXSPL,IJOB2,WK,IER) 

IF (IER.NE.0) WRITE (TTO,*) IER,'IS IER FROM IMPUL & ICSSCV.' 

CALL ICSEVU (XI,Y1,NX1,CI,MAXSPL,XI,SN1,NX1,IER) 

IF (IER.NE.0) WRITE (TTO,*) IER,'IS IER FROM RESP. & ICSEVU.' 

CALL ICSEVU (X2,Y2,NX2,C2,MAXSPL,X2,SN2,NX2,IER) 

IF (IER.NE.0) WRITE (TTO,*) IER,"IS IER FROM IMPUL & ICSEVU.' 
DO 90 N = 1, NX1-1 

A = 0.0 

B = XI(N+l)-XI(N) 

CALL DCSQDU (X2,Y2,NX2,C2,MAXSPL,A,B,0,IER) 
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QD(N) = Q 

QN(N) = 0.0 

DO 80 I = 2, N 

A = XI(N+l)-Xl(I) 

B = XI(N+l)-XI(1-1) 

CALL DCSQDU (X2,Y2,NX2,C2,MAXSPL,A,B,Q,IER) 

QN(N) = QN(N)+Q*R(I — 1) 

80 CONTINUE 
R(N) = (SN1(N+1)-QN(N))/QD(N) 

90 CONTINUE 
DO 100 N = 1, NX1-1 

T(N) = (X1(N)+X1(N+1))*HALF 

100 CONTINUE 
N = N-l 

CALL ICSSCV (T,R,N,Y,C,MAXSPL,IJOBl,WK,IER) 

DO 110 1=1, NRET 

T1 (I) = T(1) + (T(N)-T(1))/REAL(NRET-1)*(1-1) 

110 CONTINUE 
CALL ICSEVU (?,Y,N,C,MAXSPL,Tl,RATE,NRET,IER) 

IF (IER.NE.0) WRITE (TTO,*) IER,'IS IER FROM RATE. & ICSEVU.' 

DO 12C I = 1, NRET 
T2 (I) = (Tl(NRET)-XI(1))/REAL(NRET-1)*(1-1) 

A = 0.0 

3 = T2(I) 

CALL DCSQDU (T,Y,N,C,MAXSPL,A,B,Q,IER) 
PCT(I) = Q*100.O/DPO 

120 CONTINUE 

DO 130 I = 1, NRET 

XX1(I) = XI(NX1)/REAL(NRET-1)*(1-1) 

130 CONTINUE 

CALL ICSEVU (XI,Y1,NX1,CI,MAXSPL,XXI,SN1,NRET,IER) 

I? (IER.NE.0) WRITE (TTO,*) IER,'IS IER FROM RESP. & ICSEVU.' 

DO 140 1=1, NRET 

XX2(I) = X2(1)+(X2(NX2)—X2(1))/REAL(NRET-1)*(I — 1) 

140 CONTINUE 

CALL ICSEVU (X2,Y2,NX2,C2,MAXSPL,XX2,SN2,NRET,IER) 

IF (IER.NE.0) WRITE (TTO,*) IER,'IS IER FROM IMPUL & ICSEVU.' 

RETURN 

END 
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