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Abstract 

Microdialysis sampling has matured into a standard technique for sampling the 
rat brain in vivo. Microdialysis is beginning to be used for sampling from other 
tissues in laboratory animals. It has also been used in humans. The amount of 
material that enters or leaves a microdialysis probe is dependent upon many factors, 
some of which are presented in this dissertation. These factors include forced 
convection around the dialysis membrane, hindered diffusion through the membrane, 
and kinetic processes that occur in the tissue space. The aims of these studies were 
to identify factors that affect extraction efficiency in microdialysis systems and to 
develop develop methods to quantitate these factors. 

By setting up a specialized flow apparatus the effects of forced convection 
around a microdialysis membrane fiber were studied. From this same apparatus, 
values of the membrane permeability for hydroquinone, caffeine, theophylline, and 
theobromine were found for cuprophan, cellulose acetate and polyacrylonitrile 
membranes. A mathematical model was developed to determine the membrane 
permeability, and it fit the data well. 

The effects of inhibition of phenacetin and antipyrine metabolism in the liver 
and acetylcholine metabolism in the brain on the amount of each substance lost from 
the probe was studied. It was found through the development of a mechanistic model 
that micro vasculature exchange rates dominate metabolism rates in the liver. Inhibition 
of metabolism in the liver did not change the amount of material lost from the 
microdialysis probe during a local infusion. Acetylcholine is removed from the brain 
through only metabolic processes, thus inhibition affects the amount of material that 
is lost from the microdialysis probe after a local infusion of acetylcholine in the brain. 

A human study evaluated the usefulness of microdialysis for determining low 
levels of caffeine taken ad lib. This final study shows that microdialysis sampling 
although originally developed for brain studies in the rat, is finding more use in 
human studies. 
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Table I. Percent delivered of 14C-acetylcholine ± standard deviation for ACh and 
ACh/neostigmine treatments. 

ACH ACH/NEO ACH 

Rat 1 13.0 ± 1.0 7.6 ± 2.1 11.0 ± 3.4 

Rat 2 17.4 ±1.6 13.0 ± 1.7 15.0 ± 0.9 

Rat 3 20.0 ±1.9 15.5 ± 0.7 17.0 ± 1.3 

Rat 4 40.8 ± 2.3 26.8 ± 0.9 36.5 ± 0.9 

Rat 5 43.2 ± 0.8 24.6 ± 1.4 27.2 ± 0.8 

Table II. Percent loss of ACh expressed < 
tailed t probability for the null hypothesis. 

as a control, standard deviation, and one 

Group ACH (1) ACH/NEO (2) ACH(3) 

Average 94.9 62.8 76.9 

Standard deviation 2.7 7.6 8.7 

Combination t, tail area probability 

Group 1/2 1.0*10"5 

Group 2/3 0.012 

Group 1/3 0.0011 



ACH NEO ACH 

Figure 1. Acetylcholine delivery as a percent of control values, before, 
during and after neostigmine (NEO) treatment. 



to the ACh perfusion fluid may be due to the presence of excess neostigmine in the 

area surrounding the probe. Additionally reversible inhibitors of AChE are known to 

have an effect that last approximately 3-4 hours in vivo [Taylor, 1990], The area that 

is affected by the neostigmine relative to the acetylcholine is unknown. This is 

because the in vivo diffusion coefficient of neostigmine and the uptake rates are 

unknown compared to those for acetylcholine. Therefore neostigmine's effect at 

distances away from the probe may be different than those for acetylcholine and thus 

may affect the results of the cross-over back to acetylcholine. 

Neostigmine has been previously reported to give a lower inhibition than 

physostigmine and unstable sample-to-sample results when used in concentrations 

greater than 50 pM [Messamore et al., 1993], Although some sample-to-sample 

variation was observed in these studies, neostigmine consistently gave a reduction in 

the microdialysis delivery of ACh. 

Figure 2 shows a theoretical approximation of how 50 and 90 percent 

inhibition to AChE may affect the delivery of acetylcholine in vivo after introduction 

of an inhibitor using the data from Table III. The legend shows what may be 

expected for inhibitions of 50 and 90 percent of a rate constant denoted as 1.0 min"1. 

The pl50 of neostigmine on AChE is 8, which means that inhibition is 50 percent at 

10"8 M or 10 nM [Cohen and Oosterbaan, 1963]. This value was exceeded assuming 

a 15 percent delivery of 100 pM neostigmine through the dialysis probe. 

Figure 2 shows that for a 90 percent inhibition, a steady-state value should be 

reached after about 45 minutes. This was not observed experimentally in vivo. 

However, this drop to steady-state values only occurs over a 1 percent range of a 

predicted delivery value. If this did occur experimentally the phenomenon was 

probably lost in the experimental uncertainty. 



Table 3. Parameters used for acetylcholine simulation 
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0.025 OUTER RADIUS OF THE MEMBRANE {cm} (ROUT) 
0.020 INNER RADIUS OF THE MEMBRANE {cm} (RIN) 
7.5e-6 DIFFUSION COEFFICIENT (DDIAL) 
7.0E-6 MEMBRANE DIFFUSION COEFFICIENT (DMEM) 
3.33e-6 ECF DIFFUSION COEFFICIENT (INCLUDES TORT) (DECF) 
0.2 Volume Fraction (PHI) 
0.6 Volume Fraction of the membrane (PHIM) 
1.0 Metabolism Rate Constant {min-1} ECF (RMETAB) 
0.0 Metabolism Rate Constant {min-1} ICF (RICF) 
0.0 Plasma to ECF exchange (min-1) (XKPLEC) 
0.0 ECF to Plasma exchange (min-1) (XKECPL) 
0.0 Production in the ICF (GICF) 
0.0 Production in the ECF (GECF) 
1.0 Ratio keix/kiex (XKPI) 
100.0 Total simulated time (min) (TIME) 
10.0 Number of time steps (TMSTEP) 
0.0 Plasma Cone (CPLAS) 
0.4 Length of the membrane (cm) (XLEN) 
1.0 Dialysis Flow Rate in nL/min (QDIAL) 
10.0 Perfusion Fluid Concentration (CPERF) 
0.0 Plasma decay constant ( xlam ) 
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Figure 2. Model of acetylcholine delivery before and after various levels of 
inhibition of AChE. 



5.4 Summary 

This chapter shows that a reduction in the microdialysis flux can be obtained 

though a local inhibition of metabolism achieved by delivery of an enzyme inhibitor 

through the microdialysis probe. However, although a reduction in the delivery of 
l4C-acetylcholine was observed, it is unknown if full inhibition of AChE was 

achieved. It may be possible to titrate the reduction in delivery through the use of 

varying combinations of concentrations of neostigmine and acetylcholine. It is 

unknown how much neostigmine was lost through the microdialysis probe. Assuming 

that its diffusion coefficient and uptake rate parameters are similar to acetylcholine 

then, the same percentage would be lost as acetylcholine. For these experiments this 

would be about 15 percent. This 15 ^M loss of neostigmine would then be diluted 

in the tissue microenvironmental space. The microdialysis model can make 

approximate predictions about how far a molecule can diffuse through the 

microenvironment after diffusion through the microdialysis probe However, these 

predictions would have to be confirmed in order to make further conclusions about 

the extent inhibition of AChE by neostigmine. For these reasons, it may be difficult 

to determine a metabolic rate for the uptake of neostigmine in vivo. 

These results show that after a pharmacological challenge, such as the 

inhibition of an enzyme, the mass-transport dynamics to and from the probe may be 

changed and these changes need to be considered when interpreting microdialysis 

data. Fortunately for the inhibition case, the ACh levels in the brain not only rise, but 

the transport of ACh from the ECF space is lowered, therefore a decrease in the loss 

of ACh from the dialysate is expected. However, if it were possible to induce AChE, 

then the local levels of ACh in the ECF space would also change along with the probe 

dynamics due to a greater heterogenous rate constant. Dialysis data from this type of 

experiment should also be interpreted with caution. It should be noted that these 



scenarios would not only hold true for microdialysis sampling, but for all in vivo 

sampling. 
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Determination of sub-cutaneous caffeine levels in a humans after voluntaiy caffeine 
ingestion. 

6.1 Introduction 

The chapter discusses the last experiment performed while working as a 

visiting scientist at the Karolinksa Institute in Stockholm. The experiment performed 

here does not directly relate to the mathematical model, but serves as a means to give 

the reader a flavor for some of the possible human uses of microdialysis. In humans, 

microdialysis probes are easily implanted into the subcutaneous fat. In this particular 

study, the dialysis catheter was used to study the dynamic changes of the caffeine 

levels as well as to see if the probe could be used to quantitate low levels of caffeine. 

This was a pilot study to determine if there is a certain level to which individuals dose 

themselves with caffeine. 

Caffeine is one of the most widely used substances in the world. The human 

use and effects of caffeine have been widely studied [Starvic, 1992]. In Sweden the 

average daily ingestion of caffeine is 425 mg per day whereas in the United States the 

value is 211 mg per day [Spiller, 1984]. A consumption of over 250 mg per day of 

caffeine has been termed caffeineism [Somani and Gupta, 1988]. The reinforcing 

ability of caffeine has been debated and discussed in the literature [Griffiths and 

Woodson, 1988], Studies have shown that physical dependence potentiates the 

reinforcing effects of caffeine [Griffiths et al., 1986]. Additional questions about the 

mode of action of caffeine and why it affects individuals differently has been called 

into question as well. Caffeine has several pharmacological effects. Effects that may 

be produced at physiological levels of caffeine obtained through ingestion from food 

or beverages include blockade of adenosine receptors and inhibition of cyclic-AMP 



phosphodiesterase[Fredholm, 1980]. These effects and the dose at which they are 

obtained has been questioned [Nehlig and Debry, 1994]. Additional questions can be 

raised as to the inter-individual variability of caffeine metabolism [Caraco et al. 1990]. 

The purpose of this study was to use microdialysis sampling to follow the 

levels of caffeine in the subcutaneous fat of a human at regular time intervals while 

the subject participated in normal daily activities. Microdialysis sampling provides 

protein-free samples from the ECF space that can be directly analyzed without sample 

preparation. This is a distinct advantage over blood sampling methods which require 

sample clean-up prior to analysis. The author was chosen as a test subject because 

of her low ingestion of caffeine as compared to the native Swedes with whom she 

worked with for 10 months. Microdialysis sampling has been used in a previous 

study to determine the disposition of caffeine to male subjects after the ingestion of 

an oral dose of caffeine [St&hle et al., 1991]. In those studies, caffeine was given in 

doses of 300 to 400 mg, which gave rather large dialysate outflow concentrations (20-

80 pM). In this study the feasibility of determining levels throughout the day was 

investigated and if fluctuations and low levels could be obtained through the use of 

microdialysis sampling. This initial study may become part of a larger study to 

determine if there is a certain blood level to which individuals dose themselves 

between low level drinkers and higher level drinkers. This has not been addressed in 

the literature, as generally heavy-drinkers of caffeinated beverages are used [Griffiths 

et al., 1986] in caffeine related dosing studies, which ignores inter-individual 

variability in caffeine metabolism. 

6.2 Materials and Methods 

6.2.1 Microdialysis 

A CMA Human dialysis catheter (CMA/Microdialysis AB, Stockholm, Sweden) was 

implanted 6 cm above the umbilical line after the application of a local anesthetic. 



The probe was perfused at a rate of 0.5 nl/min with a 0.9% saline solution by an 

infusion step-pump. All procedures were approved by the local ethical committee. 

The probe was implanted at 13:00 on day 1 prior to sampling the following morning. 

This allows any initial damage caused by the probe implantation to clear. Although 

sampling was to begin on day 2, difficulties with the LC system (the chromatography 

was still being optimized) and the absent-mindedness of the author (5 days and 

counting to departure from the country) caused several key time points to be missed 

throughout the day. On day 3, the analyses began. Samples were obtained every 30 

minutes, if a deviation occurred in the sample changing time due to different 

circumstances this was noted in the lab book and 30 minute samples would continue 

from that time on. Dialysates were analyzed without any further sample clean-up or 

dilution. All dialysates were injected onto the LC column no more than 10 minutes 

after obtaining the sample. The afternoon of the first day was used to allow 

equilibration of the probe to occur. The second day was used to optimize the 

experimental procedures and thus the data is not presented as it was not collected 

continuously throughout the day. Although microdialysis is a continuous sampling 

technique, only discrete time point samples are obtained. For simplicity, the data are 

plotted as the single time point concentration outflow. It should be noted that each 

of these discrete dialysate samples contains the average caffeine concentration during 

the sampling interval. 

6.2.2 Caffeine Consumption Procedure 

The subject was allowed to ingest caffeine ad lib. The subject's normal coffee 

drinking behavior consisted of generally drinking only one cup of coffee at the 8:45 

break and a half cup at the 14:45 break. On this day, out of curiosity's sake, a Coke 

Light® was consumed with lunch (12 noon), along with the normal cups of coffee. 



6.2.3 LC Analyses 

Caffeine was analyzed using liquid chromatography with UV detection. The 

system consisted of a Phenomenex C-8 column with a mobile phase of 0.05 M sodium 

acetate pH 5.0 and 15 % acetonitrile. The pump was a CMA-250 delivery system 

(CMA Microdialysis AB, Stockholm, Sweden) with a CMA/260 degasser. The flow 

rate was 180 pl/min. The detection was performed using a fixed wavelength UV 

detector from Knauer (Germany). The system was calibrated between the ranges of 

0.5 pM and 10 pM and was linear. The detection limit based on a S/N of 3 was 0.1 

pM. Caffeine eluted in 5 minutes and no interfering peaks were present in the 

human dialysate. A 1 ml aliquot of the caffeinated beverage consumed was saved for 

analysis of the dose. Caffeinated beverages were diluted 100 fold with 0.9% saline 

and injected onto the LC without any further sample clean-up. 

6.3 Results and discussion 

The main advantage of using microdialysis sampling versus blood sampling 

for drug disposition studies is that microdialysis sampling provides a clean sample. 

An example of this is shown in the chromatograms in Figure 1. Figure 1A is the 

chromatogram from a 7:30 am dialysate sample from the subject. Figure IB is the 

18:30 sample from the same subject after ingestion of caffeine throughout the day. 

The peak that elutes at approximately 3.50 minutes appears to be a metabolite of 

caffeine as it does not show up in the standards obtained from the beverages that were 

used to obtain the dose of caffeine as shown in Figure 2. This peak may be 

paraxanthine, which is caffeine's major metabolite that appears in the blood (Rail, 

1990). 

Figure 3 depicts the levels of caffeine obtained throughout the day. Prior to 

ingestion of the caffeine, a morning level of caffeine of approximately 1 pM is 

present. For the caffeine ingested in the morning coffee break the caffeine level 



rapidly rises and is detectable in the first sample obtained after ingestion of caffeine. 

Although caffeine was ingested with the noon meal the levels obtained do not seem 

to rise as much as the other two ingestion periods. The sharp rises in the caffeine 

concentrations after the morning and afternoon coffee breaks are most likely due to 

an increased absorption of caffeine because of an empty stomach. The maximum 

concentration obtained was 8.8 nM after ingestion of caffeine at the afternoon coffee 

break. 

From this study it seems feasible to use microdialysis sampling to study the 

variation in caffeine after habitual ingestion even when caffeine is present in low 

levels. If microdialysis could be used in other studies of caffeine such as an 

alternative to the caffeine test used to determine the metabolic activity of CYP 1A2, 

which converts caffeine to paraxanthine, [Kalow and Tang, 1993] is unknown, but 

may be worthwhile to study. 
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Figure 3. Caffeine concentration in human dialysate samples at the indicated 
discrete time points. The dose and the duration of time used to ingest the 
indicated dose are denoted by the boxes at 8:45, 12:00, and 14:45. 
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The basic underlying principle the describes transport of substances to and 

from the microdialysis probe is diffusion. During a recovery experiment, material 

diffuses across the dialysis membrane into the inner fiber lumen in order to be 

sampled in microdialysis. The dialysis probe can also be used as a local infusion 

device in which analytes or enzyme inhibitors can be delivered. Although diffusion 

into the microdialysis probe may be a straight-forward concept, there are other factors 

that can affect diffusion to the microdialysis probe. These other factors will affect the 

separation efficiency of the microdialysis process. 

Diffusive behavior of substances can be altered by a number of different 

processes including forced convection, homogeneous or heterogeneous reactions, 

tortuous pathways, solute-boundary interactions, and solute-solvent interactions. All 

of these processes should be considered when interpreting microdialysis data or any 

data obtained from an in vivo sensor that may include diffusion of an analyte through 

a membrane. 

During microdialysis sampling, convection in tissues is ignored because it is 

assumed that diffusion is the dominant mass-transport process in tissues [Benveniste 

and Hiittemeier, 1990], Chapter 2 has shown that at very low fluid velocities the flux 

of material to a microdialysis membrane changes as the velocity of the fluid is 

increased. For three different microdialysis membranes that are commonly used in our 

laboratory, a linear velocity of 0.025 cm/s or greater would cause the membrane to 

be the limit to diffusion when placed in a fluid sample. It is unknown what the 

values for linear fluid velocities in tissues would reach. For the brain, convection may 

not be a problem since the probe is secured to the skull in microdialysis experiments. 



However for use in other tissues such as liver or muscle of rats, the convection may 

affect the recovery of a substance. In microdialysis experiments in muscle and liver, 

both tissues may be subject to movement, particularly in animals that are freely-

moving. For liver, the question that should be considered is to what extent does the 

respiration of the liver play in the membrane separation. For muscle, a different 

question would be to what extent does local muscle contraction play in the recovery 

of substances. 

Chapters 4 and 5 discussed how inhibition of metabolism affects the flux from 

the microdialysis probe. This is because diffusion through the membrane is defined 

by diffusion and reaction processes that occur in the tissue, which was discussed in 

Chapter 3. With reaction terms, the diffusive flux is increased, which results in a 

greater loss of material from the microdialysis probe. However, the kinetic processes 

that occur in a tissue are additive. If one kinetic term is much greater than another, 

then it is possible that the diffusive flux will not change significantly when the smaller 

term is removed through inhibition. This was shown in Chapter 4 from the 

experimental results and by using the model developed in Chapter 3. In the liver, 

inhibition of metabolism does not change the flux from the microdialysis probe. This 

can be attributed to one or two factors. The first is that the capillary permeability 

exchange rates are large enough that an inhibition would not significantly change the 

flux from the probe. This is supported by experiments that observed a drop in the 

flux of phenacetin and antipyrine after euthanasia of the animal. The second is that 

respiration of the animal cause some fluid convection around the membrane, which 

causes the membrane to be a limiting factor to mass-transport. The second factor is 

not completely supported by experimental evidence since the in vitro deliveries of 

antipyrine and phenacetin were the same, but in vivo deliveries were significantly 

different. The differences between the in vivo deliveries of antipyrine and phenacetin 

suggests that the tissue and not respiration affected the flux from the dialysis probe. 



In Chapter 5, acetylcholine was used for inhibition studies because there exists 

only one kinetic reaction that removes it from the ECF. In this study, when 

metabolism was inhibited, a decrease was observed in the microdialysis flux of 

acetylcholine. These results and the results obtained from Chapter 4 indicate the 

importance of understanding the underlying physiology of the microdialysis process. 

Many researchers use microdialysis without appreciating how pharmacological 

changes affect the amount of analyte that is obtained. For brain studies, it seems 

relevant to proceed with caution when comparing results obtained from control and 

pharmacologically treated animals that obtain tissue concentrations by using in vitro 

calibrations, since tissue dynamics affect the flux to and from a microdialysis probe. 

In the liver, pharmacological studies will be easier to interpret since the 

microvasculature exchange rates dominate other kinetic rates in this tissue. 

Although metabolism did not change the microdialysis flux, metabolites could 

be obtained in the dialysate after a local infusion in the liver. These types of 

experiments provide an alternate route to study metabolism with microdialysis. By 

perfusing the probe with varying concentrations of acetaminophen, it was found in 

Chapter 4 that saturable metabolism could be observed. This was seen as a decrease 

in the total percentage conversion of the parent compound, acetaminophen, into its 

metabolite acetaminophen sulfate. Additional studies with other substrates would be 

necessary to determine the feasibility of using microdialysis sampling as an alternative 

to liver perfusion studies for metabolite determination. 

The results and the modeling presented in this dissertation show that diffusion 

coupled with microdialysis sampling can be affected by the various factors presented 

above. The factors presented are not meant to be the only factors that could affect 

microdialysis sampling. Other non-linear processes such as protein-binding and 

variation of diffusion coefficients through cells will also affect the microdialysis flux. 



However, as was described in Chapter 3, models are made to be as parsimonious as 

possible. Inclusion of every possible interaction that could occur in a microdialysis 

experiment only leads to a model that would be parameter laden. Many of the 

parameters that are used in the model presented here are derived from other sources 

and have not been verified experimentally in vivo. 

Benveniste, H.; Huttemeier, C. Microdialysis-Theory and Application. ProgNeurobiol. 
1990, 35, 195-215. 



Appendix 1. Development of the membrane peimeability equations for 

microdialysis. 

The mathematical relationship used to determine the permeability of the 

microdialysis probe membrane, 

Equation 1, is developed in this 

appendix. When the 

microdialysis probe is used as 

described in this paper, analyte 

diffuses from the surrounding 

fluid, across the probe 

membrane and into the flowing 

perfusion fluid, as shown 

schematically in Figure 1. For 

the mass balance around the 

probe membrane, a membrane 

with inner radius, Rj, and outer 

radius, R0, is immersed in a 

solution containing a fixed 

concentration, C0, of the analyte 

of interest at high flow rate, so that the resistance of the external boundary layer is 

negligible. C'0 and C'j are the concentrations of the analyte in the probe membrane 

at the inner and outer radii due to the partition coefficient, K, in Equation Al-1. 

Because the concentration at the inner radius is dependent on the partition coefficient, 

C'0 can be greater or less than the solution concentration C0. The perfusion fluid 

flows through the probe at a fixed flow rate, Q. At the probe inlet, the analyte 

concentration in the perfusate, C^, and is equal to zero in these experiments. At the 

probe outlet, the analyte concentration is CL. The length of the probe exposed to the 

Q 
i 

L 

C=c0 

\ 1 

\ c=cL 

1 

I 2 

r=R0 

i 

Figure 1. Schematic of the steady-state assumption. 
System 1 is the fluid in the probe lumen and system 
2 is the membrane. 
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dialysate fluid is L. 

Analyte mass transport in the probe can be modelled mathematically by 

considering two "systems". System I consists of the flowing fluid within the probe. 

System II consists of the polymeric dialysis membrane that forms the wall of the 

probe. A mass balance around the membrane wall can be described as 

0 = JA\r At - JA\r^rM J = -DmmdC'\dr (A1.1) 

Dividing equation Al by ArAt and taking the limit yields the following equation: 

0 = -(d/drX-D^dC'/drVnrL) (AI,2) 

Assuming no change with small changes in L and that Dmm is constant, Equation Al-

2 may be written as 

0 = - (d/dr) (r (dC 'idr)) (A1-3) 

Integration of Equation A1-3 two times yields 

0 = C' + Cj lnr + C2 (A1.4) 

This equation is subject to the following boundary conditions: at r = R„, C-KC0 (C0 

is the concentration outside of the probe); at r =R„ C-KC L (CL is a function of the 

length and the concentration inside the probe). 

In this case, K, the membrane partition coefficient is defined as 
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K = C'J C0 = C//CL (A1-5> 

By using the above boundary conditions the constants C, and C2 may be obtained and 

are as follows: 

c, = K(CL - (A1*6) 

K(C0 - CL)lnR0 KC (A1.7) 
2 " ]n(R0jRj) 

By using the boundary condition for R„, Equation A4 becomes 

K(C0 - CL). s (A1.8) 

Note that CL will vary with distance along the length of the probe. 

The second system, the dialysate mass balance around a unit surface area, dA, 

on the inside of the probe (dA=27tRidx) can be described as 

(A1.9) 
0=QC\x-QC\x + Xx^JHA 

By using the definition for flux from Equation Al-1, dividing by Ax, and taking 

limits, the mass balance becomes 

(A1.10) 
0 = -Q(dC/dx) + 2%RlDmen{dC'ldf) 

Taking the derivative of Equation Al-8 and substituting into Equation Al-10 yields 

Equation Al-11 upon rearrangement and integration becomes 
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dC _ 2*Dmem
K

 (C C ) (A l . l l ) 
dx QMRJRy 0 0 

1 - K D ^ K (A1.12) 
MC0-CL) = PJC + C2t P 

QHRJR,) 

Equation Al-12 is subject to the entrance boundary condition, C=0 at x=0, and 

becomes 

C, 
— = 1 - exp 
C. 

(A1.13) 

QHR0IRi) 

Rearrangement of equation Al-13 gives Equation 1 in the text of Chapter 2. 

Evaluation of this equation at the probe outlet (x=L) relates the external bulk fluid 

concentration , C0, the probe outlet concentration, CL, and the geometry of the probe 

to the unknown permeability, DmemK. The membrane permeability can then be 

determined experimentally by measuring CL at various values of the perfusion flow 

rate, Q. The slope of the linear regression of ln(l-(CL/C0)) vs 1/Q is proportional to 

the membrane permeability. 

Several assumptions have been made in developing this equation: (1) The 

system is at steady state. (2) The analyte concentration just outside the probe (at r = 

R0 ) is equal to the analyte concentration in the bulk external fluid. (3)Analyte 

transport across the probe membrane occurs by Fickian diffusion. (4) There are no 

radial gradients in concentration in the perfusion fluid (i.e., the fluid in the probe is 

well-stirred). The assumption that the system is at steady state (i.e., dCoutle/dt=0) has 

been substantiated by experimental observation within 5 min of operation. 

Assumption 2 is equivalent to assuming that there is no resistance to analyte mass 



transfer outside the probe. This is a reasonable assumption when the probe is 

immersed in a well-stirred liquid, as in these experiments, but may not apply to 

experiments performed in more resistant media such as tissue or agar. Assumption 

3 is valid when hydrostatic and osmotic pressure gradients across the probe membrane 

are minimal, so that no significant convective mass transport occurs. Assumption 4 

is likely the weakest of the four since radial concentration gradients will exist under 

the laminar flow conditions of these experiments. However, this assumption 

simplifies the mathematical modeling considerably. In addition, data presented in 

Chapter 2 suggest that this simple model describes the experimental results well. 



Appendix 2. Development of Simplified Equations to Describe Microdialysis Flux 

A.2.1 Flux From a Cylinder 

This appendix derives the relationships that can be used to gain an approximate 

understanding of the relative 

importance of the resistance from 

the extracellular fluid (ECF) 

space and the membrane to the 

microdialysis flux. These 

equations can then be used with 

varying approximations to 

determine the point at which 

kinetics and diffusion affect the 

microdialysis flux in the ECF 

space, and the combination of 

kinetic and diffusive values that 

allow the membrane to begin to play more of a role in the overall mass-transport 

resistance of a molecule. 

The approach used will first greatly simplify the microdialysis experiment so 

that an analytical solution for the flux away from the probe can be attained. The 

system to which equations will be developed is depicted in Figure 1. The dialysis 

membrane is a cylinder and therefore cylindrical coordinates will be used in the 

development of these equations. Step 1 assumes that the dialysis probe consists of 

a membrane cylinder that delivers a constant amount of material along the axial, z 

position. This would be analogous to a delivery (loss of analyte) experiment in 

microdialysis sampling terminology. This cylinder has an outer radius denoted as r„. 

AT 

reaction 

(proration 

TISSUE SPACE 

MEMBRANE 

Figure 1.Dialysis membrane in a tissue space 



The analyte is assumed to diffuse from the cylinder (probe) with a diffusion 

coefficient, Dt and will react in the tissue space with a rate constant of k. Note that 

k could also be a generation constant, but here only consumption of material will be 

considered. The steady state (dC/dt = 0) equation for this process in cylindrical co-

ordinates is described as 

r dry dr) 

(A2.1) 
kC = 0 V 

Upon expansion of the derivative and multiplication by the square of r, Equation A2.2 

is obtained. 

2d2C A dC _ k , r _ (A2.2) r2—— + r— - — r2C = 0 
dr2 dr Dt 

Equation A2.2 is a form of Bessel's equation that can be found in many standard 

mathematics textbooks as shown in Equation A2.3. [Mickley et al., 1957] 

j & f l + Bx& + Cx'y = 0 ( A 2 J ) 

d x 2 d x 

Determination of the constants in Equation A2.3 leads to the generalized form of the 

solution given in Equation A2.4. 

'Jo 

\ 

—r + c~Kn 

/ \ 

±r 
D ' , 

2 0 > 
(A2.4) 



The specific solution can be determined by using the boundary conditions at the radius 

and infinity: at r = r0, C = Cmax and at r = r , C = 0, where Cmax is the 

concentration of the material that is being released by the probe (cylinder). 
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Argurent for the Bessel function 

The Bessel function I0 

approaches infinity with increasing 

values of r, and K0 approaches 

zero as shown in Figure 2. Using 

the second boundary condition 

forces the value of Cj to be zero. 

C2 is found by using the first 

boundary condition giving the final 

solution shown in Equation A2.5. 

Figure 2. Values for arguments using the Bessel 
functions I0, K0, and K, 

C = C K . max o I D t \ 
JLr 0 
D. ° 

(A2.5) 

The flux is defined as the amount of material removed per unit area and time and is 

described by Fick's law as: 
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(A2.6) 

The derivative of Equation A2.5 gives Equation A2.7 knowing that the derivative of 

the Bessel function K0 is the Bessel function -Kp 

The value Bessel functions K0 and Kj for the given values of the argument can be 

found by using tables found in handbooks [Abramowitz and Stegun], by writing a 

FORTRAN program [Press et al., 1986], or by using a common spreadsheet program 

such as Microsoft Excel, Version 4. Once the argument values are obtained the flux 

at the outer radius can be determined. Note that from Figure 2 that the quotient of 

Kj / K0 will approach one as the value of the argument increases, or for the same 

probe radius, for values of increasing rates of consumption or decreasing rates of 

diffusion as would be found with larger molecular weight substances. For these 

instances the flux reduces to the square root of the product of the tissue diffusion 

coefficient and the kinetic rate constant. 

A2.2 Flux from the Membrane with Membrane Diffusion Included 

The next step in the approximation of the factors that will affect the flux away 

from a microdialysis probe is to include the diffusion of substances through the 

membrane. By the inclusion of the membrane in the equations, it can be determined 

at what values of the diffusion coefficient in the tissue and the kinetic rate constants 

the membrane will play a limiting factor. 

(A2.7) 



Equations A2.5 and A2.7 describing the flux from a cylinder will be used and 

incorporated into the flux derivation that includes flux through the membrane. For the 

diffusion through the membrane the mass balance is simply the diffusive flux through 

the membrane as was described in Appendix 1 for the equations used in Chapter 2. 

0 =JA\rAt ~JA\r+XrAt -D dC 
m dr 

(A2.8) 

Dividing by ArAt , taking the limit yields: 

0 = U 
dr\ m{ dr ) 

2nrL 
(A2.9) 

The length of the membrane, L, will remain constant and it is assumed that the 

diffusion coefficient also remains constant, i.e. no changes in temperature or viscosity 

across the membrane, allowing Equation A2.9 to be reduced to A2.10. 

0 - ( A 2 ' 1 0 ) 

dr{ dr ) 

Integration two times yields, 

C' = cjnr + c2 (A2.ll) 

where ct and c2 are the constants of integration and C1 is the value of the 

concentration in the membrane. The boundary conditions are as follows: at r = rj9(the 

inner radius) C' = Ci and at r = r „ (the outer radius) ,Jm=Jt. In words, these 

boundary conditions state that at the inner radius of the membrane, the concentration 

will be equal to a constant denoted as Cf. This assumes that the dialysate is flowing 



fast enough to allow for minimal depletion of the substance through the dialysis fiber 

lumen. This could also be a well-stirred assumption that the concentration is constant 

across the fiber. An approximate value of this would be for flow rates greater than 

2 |il/min. The value of the recovery is of course length dependent so an 

approximation would be no more than 10 percent loss from the dialysate fiber lumen. 

From this approximation the value of the C' would only range from say 10 ^M at the 

beginning of the entrance of the dialysate to 9 ^M at the outlet collection side of the 

dialysis probe. This rate of course would be dependent upon the kinetics of the 

tissue and the length of the membrane. Boundary condition 2 (BC 2) is an equality 

of flux equation that indicates that flux at the outer radius is the same as the flux 

through the tissue at that point. BC 2 will be used to couple the membrane equation 

with the tissue equation previously derived. From BC 1 it is clear that 

, r , w
 (A2

'
12) 

c2 = Ct - clmrl 

By using the equation for c2 and the membrane concentration equation, A2.l l , the 

concentration at the membrane outer surface is shown in A2.13. 

Cm = C, + cjf ln ( r . / r , ) ) (A2.13) 

Cm will be substituted for the term Cmax from Equation A2.7. The flux at the 

membrane is described by using Fick's first law shown in Equation A2.8 and by 

taking the derivative of Equation A2.13. 

dC'/drl,,-^-
dC' J W ( J _ , _ €J_ (A2.14) 

For continuity the flux into the tissue must equal the flux leaving the probe 

membrane. Utilizing Equations A2.7, A2.13 and A2.14 allows the determination of 



the constant c,. To clean up the algebra the substitution K is made to hold the Bessel 

functions is suggested as shown in Equation A2.15 

(A2.15) 
• j b ? 

T V . ) 

After setting Equations A2.14 and A2.7 equal to each other and substituting Equation 

A2.7 for Cmax, the constant c, can be found. 

C, = 
-k C, (A2.16) 

1 (DJro + Kin ( r j r ) 

An expression for the concentration in the membrane at any radial point, r, is shown 

in Equation A2.17. 

C' = c , 

WJO + Kin(rjr)j 
In (r/r.) 

(A2.17) 

Now the flux through the membrane at any radial point is found by taking the 

derivative of Equation A2.17 and inserting it into the expression provided by equation 

A2.14. 

J = D. Cj 
[ W - Kln(r„/r()J 

(A2.18) 

Recall that K approaches the value of one at high kinetic rates and low diffusion 

coefficients as would be found for larger molecular weight substances such as the 

neuropeptide substance P. Additionally the geometry of the membrane plays a role 

since for thinner membranes such as cuprophan that has a outer radius, ra, of 222 pm 
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and an inner radius, r ; , of 200 nm the value of the natural logarithm will approach 

unity. 

A2.3 References 
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Press, W.H.; Flanner, B.P.; Teukolsky, S.A.; Vetterling,, W.T. Numerical Recipes in 
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Appendix 3. Development of the Far-Field Boundaiy Condition in a Recovery 

Microdialysis Experiment 

The far-field boundary condition is described by the following differential equation: 

This equation states mathematically that the change in the far-field tissue 

concentration, Ce(oo) is related to the initial concentration in the plasma, C0» the local 

tissue concentration, Ce, the plasma elimination rate constant, A, the permeation rate 

constants between the tissue and the plasma compartments, k^, k^, and the local 

metabolism rate, k^. The equation is a linear differential equation and can be solved 

by using integrating factors which is described in most standard textbooks on 

differential equations [Potter, 1978]. By combining the rate constants associated with 

Ce to give a new rate constant ks, the solution can be obtained by the following 

general equation. 

dc; 
= kpeCQe'Xt - (km + k*p) C( 

(A3.1) 
dt 

Lpe o e 

The general form of the equation is described as: 

_ . . f k,dt 
F[x) = e} (A3J) 

By using the general solution the specific solution is then found to be: 

c ; ( t ) = I {kpeC0e'Xt) ek,t + C (A3.4) 

Integration of equation 4 yields: 

The constant of integration, C, can be solved for by using the initial condition of 

Coo=0, when t = 0. The final solution that is used in the mathematical model 
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k x r (kB-\) t 

C ; ( t ) = Z E ^ s l + (A3.5) 

becomes: 

C
e
"( t) = 

kpe CD e (-At) 

(k-A) 
kpeCp 

e ^ i k - X ) 
(A3.6) 
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Appendix 4. FORTRAN Code. 

1 c DIALYSIS.FOR 
2 
3 c J u l i e Ann S t e n k e n 
4 
5 c S u b m i t t e d w i t h t h e P h . D . d i s s e r t a t i o n i n p a r t i a l 
6 c r e q u i r e m e n t s o f t h e g r a d u a t e s c h o o l . 
7 
8 c T h i s FORTRAN p r o g r a m c a l c u l a t e s t h e c o n c e n t r a t i o n p r o f i l e 
9 c a n d t h e c o n c e n t r a t i o n o u t f l o w o f a m i c r o d i a l y s i s 

10 c e x p e r i m e n t g i v e n t h e p a r a m e t e r s i n t h e f i l e DATAFILE.DAT. 
11 
12 c The t h e o r e t i c a l d e v e l o p m e n t of t h i s m o d e l i s g i v e n 
13 c i n CHAPTER 3 of t h i s d i s s e r t a t i o n . A d d i t i o n a l i n f o r m a t i o n 
14 c c o n c e r n i n g t h e s t e p s t a k e n t o a c h i e v e a r e s u l t a r e 
15 c a l s o p r e s e n t e d i n C h a p t e r 3 . 
16 
17 
18 c The p r o g r a m c a n b e u s e d f o r t h e two t y p i c a l modes 
19 c o f o p e r a t i o n i n m i c r o d i a l y s i s — r e c o v e r y and d e l i v e r y . 
20 
2 1 c The p r o g r a m r u n s e a s i l y o n a n IBM c o m p a t i b l e c o m p u t e r 
22 c w i t h a 386 m a t h c o - p r o s s e s o r o r g r e a t e r . The l e n g t h o f t i m e 
23 c f o r t h e p r o g r a m t o c o m p l e t e t h e c a l c u l a t i o n s n e c e s s a r y i s 
24 c d e p e n d e n t o n t h e p a r a m e t e r s i n p u t t e d a n d t h e s p e e d o f t h e 
25 c c o m p u t e r , i . e . , a 66 MHz 486 r u n s f a s t e r t h a n a 33 MHz 4 8 6 . 
26 c W i t h t h e 4 8 6 - 6 6 MHz s y s t e m t h e a v e r a g e t i m e t o c o m p l e t i o n 
27 c i s a p p r o x i m a t e l y 3 m i n u t e s . T h i s t i m e t o c o m p l e t i o n i s a l s o 
28 c d e p e n d e n t on t h e t o l e r a n c e s u s e d i n t h e f i n a l c a l c u l a t i o n s . 
29 c The t o l e r a n c e s u s e d f o r e r r o r a r e s e t , b u t c o u l d be 
30 c c h a n g e d i f t h e u s e r o n l y w i s h e s f o r a r o u g h a n s w e r t o 
31 c a p a r t i c u l a r p r o b l e m . The p r o g r a m w o u l d o n l y n e e d t o 
32 c b e r e c o m p i l e d u s i n g a n y FORTRAN c o m p i l e r p r i o r t o u s e w i t h 
33 c t h e new t o l e r a n c e s . 
34 
35 c The p r o g r a m u t i l i z e s t h e f i n i t e d i f f e r e n c e a p p r o a c h t o 
3 6 c s o l v i n g t h e m a s s b a l a n c e e q u a t i o n s . T h i s p r o g r a m d o e s NOT 
37 c u s e a n y l i n k s t o FORTRAN l i b r a r i e s s u c h a s t h e IMSL l i b r a r y . 
38 c T h i s a l l o w s a n y i n d i v i d u a l t o r u n a n d u s e t h i s p r o g r a m a s 
39 c t h e IMSL l i b r a r y i s e x p e n s i v e a n d p r o p r i e t a r y . 
40 
4 1 c The p r o g r a m i s made u p o f t h e f o l l o w i n g s u b - r o u t i n e s 
42 c w h i c h a r e l i n k e d t o g e t h e r a n d s e r v e t h e f u n c t i o n s b r e i f l y 
43 c m e n t i o n e d h e r e , b u t d e s c r i b e d i n more d e t a i l i n t h e c o d e . 
44 
45 C T h e s e s u b r o u t i n e s a r e c a l l e d i n t h e f o l l o w i n g o r d e r . A 
46 c TOP-DOWN d e s i g n i n d i c a t e s w h i c h s u b r o u t i n e s c a l l o t h e r 
4*7 c s u b r o u t i n e s i n t h e c o d e . 
48 C 
49 C 1) I N I T — S u b r o u t i n e I N I T r e a d s t h e f i l e DATAFILE.DAT 
50 c a n d s e t s up a l l t h e i n i t i a l v a l u e s f o r t h e i n p u t s 
51 c n e e d e d f o r t h e p r o g r a m 
52 
53 c 2) BCOND — S u b r o u t i n e BCOND s e t s u p t h e i n i t i a l a r r a y s 
54 c o f c o e f f i c i e n t s n e c e s s a r y f o r t h e s o l v i n g o f 
55 c t h e d i a l y s i s o u t f l o w c o n c e n t r a t i o n and t h e 
56 c c o n c e n t r a t i o n p r o f i l e . 
57 
58 C 3) SOLVE — T h i s s u b r o u t i n e i s s e t s u p t h e a r r a y s 
5 9 c n e e d e d f o r t h e o t h e r s u b r o u t i n e s t o p e r f o r m t h e i r 
60 c j o b o f s o l v i n g t h e m a t r i c i e s w h i c h d e s c r i b e t h e 
61 c o u t f l o w c o n c e n t r a t i o n a n d t h e p r o f i l e away f r o m 
6 2 c t h e p r o b e . SOLVE c a l l s t h e f o l l o w i n g s u b r o u t i n e 
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63 c 3A) RAMP — S u b r o u t i n e RAMP i s u s e d a s t h e 
64 c f i n i t e d i f f e r e n c e m e t h o d s a r e s t e p m e t h o d s 
65 c i n t i m e a n d s p a c e . T h i s s u b r o u t i n e g e t s 
66 c v a l u e s i n t o t h e v a r i o u s a r r a y s s o t h a t 
67 c t h e c o m p u t a t i o n i n s o l v e c a n b e more 
68 c s t a b l e . RAMP c a l l s t h r e e o t h e r s u b r o u t i n e s 
69 c THOMEM and THOMECF b e f o r e c a l l i n g DATOUT 
7 0 c i n o r d e r t o o u t p u t t h e d a t a . 
7 1 c 3Ai ) THOMEM — C a l c u l a t e s t h e f l u x t h r o u g h t h e 
72 c d i a l y s i s m e m b r a n e . T h i s r o u t i n e u s e s t h e 
7 3 c THOMAS a l g o r i t h m f o u n d i n b a s i c n u m e r i c a l m e t h o d s 
74 c t e x t b o o k s t o s o l v e t h e t r i - d i a g o n a l m a t r i c e s . T h i s 
75 c r o u t i n e d i f f e r s f r o m THOMECF b e c a u s e t h e n u m b e r o f 
7 6 c e q u a t i o n s n e c e s s a r y t o s o l v e t h e membrane m a t r i c e s 
77 C i s f i x e d t o t h e v a l u e o f 1 0 , w h e r e a s t h e THOMECF 
78 c r o u t i n e u s e s t h e n u m b e r o f e q u a t i o n s c a l c u l a t e d 
79 c t h e b o d y of t h e p r o g r a m . 
80 c 3 A i i ) THOMECF — U s e s t h e same a l g o r i t h m a s a b o v e 
8 1 c e x c e p t t h a t t h e n u m b e r o f e q u a t i o n s i s d e t e r m i n e d 
82 c b y t h e m a i n p r o g r a m a n d t h e r a d i u s away f r o m t h e 
83 c d i a l y s i s m e m b r a n e . 
84 c 3 A i i i ) DATOUT — T h i s s u b r o u t i n e o u t p u t s t h e d a t a 
85 c i n t o ASCII f i l e s w h i c h t h e n c a n b e r e a d i n t o a n y 
86 c s p r e a d s h e e t p r o g r a m f o r f u t h e r d a t a a n a l y s i s o r 
87 c p l o t t i n g . 
88 c 
89 c 3B) THOMEM 
90 C 3C) THOMECF 
91 C 3D) DATOUT 
92 
93 c VARIABLES USED IN THE PROGRAM 
94 
95 c **************+**************+****+***++**+**+** 
96 
97 C ACOEFF (700) MATRIX OF COEFFICIENTS IN THE ECF IN "RAMP" 
98 C BCOEFF(700) " 
99 C CCOEFF(700) " 

100 c CHI (700 ) Same a s EPS e x c e p t u s e d i n SUBROUTINE RAMP 
101 C COEFFA(700) MATRIX OF COEFFICIENTS FOR THE ECF 
102 C COEFFB(700) MATRIX 
103 C COEFFC(700) MATRIX 
104 C CMAX = CONCENTRATION AT A FAR RADIAL POINT USER INPUT 
105 C DELCON = CONCENTRATION OF THE DIALYSATE 
106 C DDIAL = DIFFUSION COEFFICIENT IN THE DIALYSATE (cm A 2 /min ) 
107 C DECF = DIFFUSION COEFFICIENT IN ECF (CMA2/MIN) 
108 C DELT = D e l t a o f t i m e (min) 
109 C DELR = DELTA OF RADIAL DISTANCE (cm) 
110 C DMEM = DIFFUSION COEFFICIENT IN THE MEMBRANE (CMA2/MIN) 
111 C ECFLAM(700) = MODEL DIFFUSION COEFFICIENT USED IN SUBROUTINE 
112 C RAMP . . . D I F F E R E N T TIME DEPENDENCE 
113 C E C F T ( 7 0 0 ) = MATRIX OF NUMR VALUES AT TIME T 
114 C ECFTP1(700)=MATRIX OF NEW VALUES AT T PLUS 1 
115 C EPS ( 7 0 0 ) = A VALUE FOR THE COEFFICIENT OF C ( i , j + 1 ) 
116 C FLUXRI = FLUX IN THE MEMBRANE AT INNER SURFACE 
117 C GAMMA = APPROXIMATE DISTANCE OF THE CONCENTRATION PROFILE 
118 c AT HALF THE CONCENTRATION MAXIMUM. 
119 c See M o r r i s o n e t a l . Q u a n t i t a t i v e M i c r o d i a l y s i s . 
120 c TE R o b i n s o n a n d JB J u s t i c e J r e d s . i n 
121 c M i c r o d i a l y s i s i n t h e N e u r o s c i e n c e s 
122 C GICF = PRODUCTION (GENERATION) RATE IN THE I C F (min - 1 ) 
123 C GECF = GENERATION RATE IN THE ECF 
124 C LAMMEM = MODEL DIFFUSION COEFFICIENT IN THE MEMBRANE 
125 C LAMECF(700) = MODEL DIFFUSION COEFFICIENT (DECF*DELT/DELR*2 
126 C IN THE ECF 
127 C MEMLAM = MODEL DIFFUSION COEFFICIENT IN THE MEMBRANE 
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128 C DURING "RAMP" 
129 C PHI = VOLUME FRACTION OF SPACE IN THE ECF 
130 C PHIM = VOLUME FRACTION OF SPACE IN THE MEMBRANE 
131 C QDIAL = DIALYSIS FLOW RATE mL/MIN 
132 C m a x = USER INPUT OF MAX DISTANCE (Cm) 7*GAMMA 
133 C RIN = INNER RADIUS OF MEMBRANE (CM) 
134 C ROUT = OUTER RADIUS OF MEMBRANE (CM) 
135 C RMETAB = METABOLIC RATE IN ECF (min - 1 ) 
136 C RICF = METABOLIC RATE IN THE I C F (min - 1 ) 
137 c TAU = DELTA T / 1 0 . 0 USED IN SUBROUTINE 'RAMP' 
138 C VOLICF = VOLUME FRACTION IN THE ICF ( 1 - P H I ) 
139 C XKPI = PARTITION COEFFICIENT BETWEEN ICF AND ECF 
140 C XKPLEC = EXCHANGE RATE BETWEEN PLASMA TO ECF 
141 C XKECPL = EXCHANGE RATE BETWEEN ECF AND PLASMA 
142 C XLEN = LENGTH OF DIALYSIS FIBER IN CM 
143 
144 c * * 
145 
146 c B e g i n P r o g r a m 
147 
148 REAL C O E F F A ( 7 0 0 ) , C O E F F B ( 7 0 0 ) , C O E F F C ( 7 0 0 ) , E C F T ( 7 0 0 ) ,ACOEFF(700) , 
149 & BCOEFF(700) ,CCOEFF(700) ,LAMECF(700) , E C F L A M ( 7 0 0 ) , E P S ( 7 0 0 ) , 
150 & CHI ( 7 0 0 ) , DELR ( 7 0 0 ) , RMAX,DELT,DECF, TIME, DMEM,XKPLEC,XKECPL, 
1 5 1 & CMAX, RMETAB, SUMKS,LAMMEM, TAU,MEMLAM, QDIAL,XLEN, DDIAL 
152 
153 INTEGER NUMR,NUMT 
154 
155 c DATAFILE.DAT i s a f i l e w h i c h c o n t a i n s t h e n e c e s s a r y 
156 c m i c r o d i a l y s i s p a r a m e t e r s s u c h a s d i f f u s i o n ' c o e f f i c i e n t s , 
157 c r a t e c o n s t a n t s e t c . 
158 
159 c A l l *.ASC f i l e s m u s t b e d e l e t e d p r i o r t o t h e s t a r t 
160 c o f t h e p r o g r a m — o t h e r w i s e t h e p r o g r a m w i l l n o t 
1 6 1 c r u n a s t h e f i l e s c a n n o t b e o p e n e d a n d w r i t t e n o v e r . 
162 
1 6 3 
164 c CON PROF. ASC i s a c r e a t e d f i l e o f t h e c o n c e n t r a t i o n p r o f i l e 
165 c a w a y f r o m t h e d i a l y s i s p r o b e . 
166 c PLASMA.ASC i s a f i l e t h a t o u t p u t s w h a t t h e p l a s m a 
167 c c o n c e n t r a t i o n i s a s a f u n c t i o n o f t i m e . . i t c a n b e d e l e t e d 
168 c i f n e c e s s a r y . 
169 c OUTPUT.ASC i s t h e c o n c e n t r a t i o n o f t h e d i a l y s i s p e r f u s i o n 
170 c f l u i d a s a f u n c t i o n o f t i m e . 
1 7 1 
172 O P E N ( U N I T - 1 5 , F I L E - ' D A T A F I L E . D A T ' , S T A T U S - ' O L D ' ) 
1 7 3 OPEN (UNIT=60, F I L E - ' CONPROF. A S C ' , STATUS-'NEW') 
174 OPEN(UNIT-62 ,F ILE- 'PLASMA.ASC ' ,STATUS- 'NEW' ) 
1 7 5 OPEN(UNIT—65,FILE- 'OUTPUT.ASC' ,STATUS-"NEW') 
1 7 6 
1 7 7 
178 C THE PROGRAM FIRST I N I T I A L I Z E S THE PARAMETERS AMD READS 
1 7 9 C PARAMETERS FROM THE F I L E ' DATAFILE ..DAT' 
180 
1 8 1 CALL I N I T (LAMECF,ECFLAM,EPS, C H I , DELR, RIN, DELT, DECF, DMEM, 
1 8 2 & MEMLAM, TIME,RMAX,XKPLEC, XKECPL, RMET2SB,CMAX, LftMMEM, TAU, 
1 8 3 & ROUT, SUMKS, QDIAL, XLEN, DDIAL, EtMULT, RUNIT> G1CF, GBCF, NUMR, NUMT) 
184 C 
1 8 5 C The n e x t c a l l g o e s t o s u b r o u t i n e b c o n d Which w i l l s e t u p 
1 8 6 c t h e a r r a y f o r t h e b o u n d a r y c o n d i t i o n s . T h i s 
187 c a l s o i n c l u d e s t h e c o e f f i c i e n t s n e c e s s a r y t o s o l v e 
188 c t h e m a t r i x i m p l i c i t l y . 
1 8 9 
190 CALL BCOND (COEFFA, COEFFB, COEFFC, ACOEFF, BCOEFF, CCOEFF, 
1 9 1 & ECFT, LAMECF, ECFLAM, EPS, CHI, MEMLAM, LAMMEM, RMUMVNUMR) 
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193 C The n e x t c a l l g o e s t o s e t u p t h e m a t r i x f o r t h e Thomas 
194 c a l g o r i t h m . T h i s s o l v e s t h e m a t r i x a t e a c h t i m e s t e p . 
195 c T h i s r o u t i n e i n c l u d e s t h e c a l l t o t h e o u t p u t a l s o . 
196 
197 CALL SOLVE (ECFT, COEFFA, COEFFB, COEFFC, ACOEFF, BCOEFF, CCOEFF, 
198 & DELR, DELT, CMAX, SUMKS, ROUT, RIN,DMEM,DECF,QDIAL,XLEN,DDIAL, 
199 & TAU, XKPLEC, RUNIT, GICF, GECF, NUMR, NUMT) 
200 
2 0 1 CLOSE(UNIT=15,STATUS='KEEP') 
202 CLOSE(UNIT=60,STATUS=*KEEP') 
203 CLOSE(UNIT=62,STATUS='KEEP') 
204 CLOSE(UNIT=65,STATUS='KEEP') 
205 
206 p r i n t * , ' d o n e ' 
207 END 
208 
209 SUBROUTINE INIT (LAMECF, ECFLAM, EPS, CHI, DELR, RIN, DELT, DECF, DMEM, 
210 & MEMLAM, TIME, RMAX, XKPLEC, XKECPL, RMETAB, CMAX, LAMMEM, TAU, 
2 1 1 & ROUT, SUMKS, QDIAL, XLEN, DDIAL, RMULT, RUNIT, GICF, GECF,NUMR, NUMT) 
212 
2 1 3 REAL LAMECF (7 00) , ECFLAM ( 7 0 0 ) , EPS ( 7 0 0 ) , CHI (700) , DELR ( 7 0 0 ) , DELT, 
214 & DECF, TIME, RMAX, STEP, TMSTEP, RMETAB, XKPLEC, XKECPL, TAU, MEMLAM, 
2 1 5 & LAMMEM 
216 
217 INTEGER NUMR,NUMT 
218 
2ig c ************************************************** 
220 C PARAMETERS INTERNAL TO I N I T 
221 C ++++++++++++++++++++++++++++++++++++++++++++++++++ 
222 C RUNIT = SMALLEST POSSIBLE d e l t a r 
223 C RMULT = A NUMBER TO SET THE COEFFICIENTS CORRECTLY AS 
224 C RIN. NE. 0 . 0 . . .THEREFORE NEED TO SET SPACE 
225 C DIMENSION CORRECTLY 
226 C SUMKS = THE SUM OF ALL THE RATE CONSTANTS 
227 C STEP = SIZE OF d e l t a r 
228 C NSTEP = NUMBER OF POINTS IN THE MEMBRANE 
229 C SUMRAD = SUM OF THE RADIAL STEPS TO REACH RMAX (-COUNTER) 
230 c VOLICF = I S THE VOLUME IN THE ICF SPACE. 
231 C SMULT = THE EXPONENTIAL MULTIPLIER FOR THE SPACE STEP 
232 C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
233 
234 c ****************************************** 
235 c 3 - 1 4 - 9 4 I n c l u d e d t h e v a r i a b l e s p a c e s t e p s i z e f r o m 
236 c F e l d b e r g , J . E l e c t r o a n a l . Chem . 1 2 7 ( 1 9 8 1 ) 1 - 1 0 . 
237 c d e l x = d e l x * e x p [ b e t a * ( i - 1 ) ] b e t a .LE . 0 . 5 
238 c The v a r i a b l e s t e p s i z e w i l l o n l y b e i n c l u d e d i n t h e 
239 c ECF 
240 C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
241 
242 C P u r p o s e a n d f u n c t i o n o f s u b r o u t i n e INIT 
243 c 
244 c T h i s s u b r o u t i n e i n i t i a l i z e s a l l o f t h e v a l u e s t h a t 
245 c w i l l b e u s e d i n t h e p r o g r a m . I t a l s o s e t s u p t h e d e l t a r v a l u e s 
246 c a n d t h e d e l t a t v a l u e s u s e d i n t h e p r o g r a m . T h e r e a r e t w o 
247 c d i f f e r e n t v a l u e s t h a t a r e u s e d f o r d e l t a t . The f i r s t i s TAU 
248 c w h i c h i s u s e d f o r SUBROUTINE RAMP. TAU - DELT/10. 
249 c T h e n t h e p r o g r a m s e t s u p t h e v a r i a b l e s f o r t h e 
250 c m o d e l d i f f u s i o n c o e f f i c i e n t s t h a t i n c l u d e fit a n d fir d e p e n d e n c e 
251 c a n d t h e r e f o r e n e e d t o b e s t o r e d i n t h e a r r a y s LAMECF a n d 
252 c ECFLAM. 
253 c 
254 c +++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
255 
256 C Decf i s i n c m A 2 / s e c . I t w i l l n e e d t o b e c o n v e r t e d t o 
257 c CM A 2/min 
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FORMAT(ElO.4) 
READ(15,10)ROUT 
R E A D ( 1 5 , 1 0 ) R I N 

The s m a l l e s t r a d i a l u n i t (RUNIT) i s d e f i n e d a s b e l o w : 

RUNIT=(ROUT-RIN)/10 
RMULT = RIN/RUNIT 

READ(15,10)DDIAL 
READ(15,10)DMEM 
READ(15,10)DECF 
R E A D ( 1 5 , 1 0 ) P H I 
READ(15,10)PHIM 

VOLICF = 1 . 0 - P H I 

C o r r e c t f o r t h e d i f f u s i o n c o e f f i c i e n t i n t e r m s o f m i n u t e s a n d 
i n t e r m s o f v o l u m e f r a c t i o n , 

DDIAL = DDIAL*60.0 
DECF = (DECF* 6 0 . 0 ) * PHI 
DMEM = PHIM*(DMEM*60.0) 

READ(15,10)RMETAB 
R E A D ( 1 5 , 1 0 ) R I C F 
READ(15,10)XKPLEC 
READ(15,10)XKECPL 
R E A D ( 1 5 , 1 0 ) G I C F 
READ(15,10)GECF 
READ(15 ,10)XKPI 

C h a n g e a l l t h e r a t e s t o r e f l e c t t h e d e p e n d e n c e on t h e ECF 
v o l u m e f r a c t i o n 

RMETAB = RMETAB*PHI 
XKPLEC = XKPLEC*PHI 
XKECPL = XKECPL*PHI 
R I C F = RICF*XKPI*VOLICF 

N o t e t h a t t h e g e n e r a t i o n t e r m s a r e c o n c e n t r a t i o n d e p e n d e n t . . . i f 
t h e s u b s t a n c e b e i n g m o d e l e d h a s z e r o o r d e r g e n e r a t i o n t h i s 
w i l l n e e d t o b e i n c l u d e d i n t h e m a t r i x f o r t h e Thomas 
a l g o r i t h m , . a s i s t h e c a s e f o r t h e p l a s m a t o ECF t e r m XKPLEC 

GECF = GECF*PHI 
GICF = GICF*VOLICF 

SUMKS= (XKECPL+RMETAB+RICF) 

RMAX = 0 . 5 

STEP=(RMAX-RIN)/RUNIT 
NSTEP = INT (STEP) + 1 

READ(15 ,10)TIME 
READ(15,10)TMSTEP 

DELT=TIME/TMSTEP 
TAU = D E L T / 1 0 . 0 
LAMMEM=(DMEM*DELT)/(RUNIT**2.0) 
MEMLAM=(DMEM*TAU)/(RUNIT**2.00) 
NUMT = INT (TIME/DELT)+1 

READ (15,10)CMAX 
READ (15 ,10 )XLEN 
R E A D ( 1 5 , 1 0 ) QDIAL 
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323 C 
324 
325 
326 
327 c 
328 c 
329 c 
330 c 
3 3 1 
332 
333 
334 c 
335 C 
336 c 
337 c 
338 c 
339 c 
340 c 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 
351 
352 15 
353 2 
354 
355 
356 1 6 3 
357 
358 
359 
360 
361 
362 
363 
364 
365 
366 
367 
368 
369 C 
370 c 
371 c 
372 c 
373 c 
374 c 
375 c 
376 C 
377 
378 
379 
380 10 
381 
382 C 
383 
384 c 
385 c 
386 
387 

C h a n g e QDIAL f r o m u l / m i n t o cmA3 
QDIAL=QDIAL/1000 .0 

SUMRAD = RIN+(10*RUNIT) 
SMULT i s t h e m u l t i p l i e r f o r t h e e x p o n e n t i a l s p a c e s t e p . 0 . 0 0 5 

was d e t e r m i n e d ' e x p e r i m e n t a l l y ' t o b e t h e b e s t w i t h o u t 
s a c r i f i c i n g d i s k s p a c e a n d c o m p u t a t i o n a l t i m e a s w e l l a s FLDX 
d e t e r m i n a t i o n e r r o r s . 

SMULT = 0 . 0 0 5 

The f o l l o w i n g l o o p i s n e c e s s a r y f o r t h e c o r r e c t ' m o d e l ' 
d i f f u s i o n c o e f f i c i e n t t o b e c a l c u l a t e d . T h i s c o e f f i c i e n t 
i s b a s e d u p o n t h e l e n g t h o f d e l t a r a n d h e n c e m u s t b e s t o r e d 
i n a n a r r a y t h a t k e e p s t h i s . When t h e RMAX h a s b e e n p a s s e d 
t h e n t h e LOGICAL I F s t a t e m e n t c a u s e s a jump o u t o f t h e l o o p . 

DO 15 1 = 1 1 , N S T E P 
D E L R ( I ) = R U N I T * E X P ( s m u l t * ( 1 - 1 1 ) ) 
L A M E C F ( 1 + 1 ) = ( D E C F * D E L T ) / ( D E L R ( I ) * * 2 . 0 0 ) 
E C F L A M ( I + 1 ) = ( D E C F * T A U ) / ( D E L R ( I ) * * 2 . 0 0 ) 
EPS (1+1) = - 1 . 0 - ( 2 . 0*LAMECF(1+1)) - (DELT* (SUMKS)) 
CHI (1+1) = - 1 . 0 - (2 .0*ECFLAM(I+1) ) - (TAU* (SUMKS) ) 
SUMRAD= SUMRAD+DELR(I) 

IF(SUMRAD.GE.RMAX) THEN 
GOTO 2 

ENDIF 
CONTINUE 

NUMR=I+1 

WRITE(60,163)NUMR 
FORMAT(IX, 'THE NUMBER OF STEPS = ' , I 4 ) 

RETURN 
END 

SUBROUTINE BCOND (COEFFA, COEFFB, COEFFC, ACOEFF, BCOEFF, CCOEFF, 
& ECFT, LAMECF, ECFLAM, EPS, CHI, MEMLAM, LAMMEM, RMULT, NUMR) 

REAL COEFFA ( 7 0 0 ) , COEFFB ( 7 0 0 ) , COEFFC ( 7 0 0 ) , ACOEFF(700) , 
& BCOEFF ( 7 0 0 ) , CCOEFF (700) , ECFT ( 7 0 0 ) , LAMECF ( 7 0 0 ) , 
& EPS ( 7 0 0 ) , CHI ( 7 0 0 ) ,ECFLAM(700) ,MEMLAM,LAMMEM 

INTEGER NUMR 

T h e p u r p o s e o f BCOND i s t o s e t u p t h e i n i t i a l a n d 
b o u n d a r y c o n d i t i o n s . I t s e t s u p a l l t h e c o e f f i c i e n t s 
f o r t h e s u b r o u t i n e SOLVE a n d RAMP. 
+++++++++++++++++++++++++++++++++++++++++-H++++++++++ 

S e t t h e i n i t i a l t i m e c o n d i t i o n s 

DO 10 J = l , NUMR 
E C F T ( J ) = 0 . 0 0 

CONTINUE 

SET UP THE COEFFICIENT MATRIX 

C O E F F ( l l ) i s t h e m e m b r a n e / E C F p o i n t a n d t h e 1 , - 1 a c c o u n t f o r 
t h e e q u a l i t y o f f l u x . 

COEFFB(11) = 1 . 0 
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388 BCOEFF(11) = COEFFB( l l ) 
389 COEFFA(11) = - 1 . 0 
390 ACOEFF (11) = COEFFA(l l ) 
391 
392 c P o i n t s n u m b e r 2 - 1 0 a r e a l l i n t h e membrane 
393 
394 DO 15 1 = 2 , 1 0 
395 ACOEFF(I)=MEMLAM-(MEMLAM/(2.0*(RMULT+(I-1) ) ) ) 
396 B C O E F F ( I ) = - 1 * ( 1 . 0 + (2.0*MEMLAM)) 
397 CCOEFF(I)=MEMLAM+(MEMLAM/(2.0*(RMULT+(I-1) ) ) ) 
398 COEFFA(I)=LAMMEM-(LAMMEM/(2.0*(RMULT+(1-1) ) ) ) 
399 C O E F F B ( I ) = - 1 * ( 1 . 0 + (2.0*LAMMEM)) 
400 COEFFC(I)=LAMMEM+(LAMMEM/(2.0*(RMULT+(1-1) ) ) ) 
401 15 CONTINUE 
402 
403 c P o i n t s 12 o n a r e a l l i n t h e ECF 
404 
405 DO 20 1=12,NUMR-1 
406 A C O E F F ( I ) = E C F L A M ( I ) - ( E C F L A M ( I ) / ( 2 . 0 * ( R M U L T + ( 1 - 1 ) ) ) ) 
407 B C O E F F ( I ) = C H I ( I ) 
408 C C O E F F ( I ) = ECFLAM(I) + ( E C F L A M ( I ) / ( 2 . 0 * ( R M U L T + ( 1 - 1 ) ) ) ) 
409 C O E F F A ( I ) = L A M E C F ( I ) - ( L A M E C F ( I ) / ( 2 . 0 * ( R M U L T + ( 1 - 1 ) ) ) ) 
410 C O E F F B ( I ) = E P S ( I ) 
411 C O E F F C ( I ) = LAMECF(I) + (LAMECF(I) / (2 . 0 * ( R M U L T + ( 1 - 1 ) ) ) ) 
412 20 CONTINUE 
413 
414 RETURN 
415 END 
416 
417 
418 SUBROUTINE SOLVE(ECFT, COEFFA,COEFFB, COEFFC, ACOEFF,BCOEFF,CCOEFF, 
419 & DELR,DELT,CMAX,SUMKS,ROUT,RIN,DMEM,DECF,QDIAL,XLEN,DDIAL, 
420 & TAU, XKPLEC, RUNIT, GICF, GECF, NUMR, NUMT) 
421 
422 REAL ECFT ( 7 0 0 ) , ECFTP1 ( 7 0 0 ) , COEFFA (700) ,COEFFB ( 7 0 0 ) , 
423 & C O E F F C ( 7 0 0 ) , A C O E F F ( 7 0 0 ) , B C O E F F ( 7 0 0 ) , C C O E F F ( 7 0 0 ) , 
424 & VALUE(700) ,DELR(700) ,DELT,CMAX,RIN,XKPLEC,sumks,TAU 
425 
426 INTEGER NUMR,NUMT,IPROG 
427 
428 c T h e f i l e 'ECFCON.DAT' i s n e c e s s a r y f o r t h e a u x i l i a r y 
429 c p r o g r a m s 'DEADDIAL.FOR' a n d "METAB.FOR% 

430 
431 OPEN(UNIT=85,FILE='ECFCON.DAT' , STATUS=1 NEW') 
432 
433 
434 c ***************************************************** 
435 C PARAMETERS INTERNAL TO SOLVE 
436 C 
437 C PERCEN = A GUESS OF WHAT THE PERCENTAGE OF THE FAR-FIELD 
438 C ECF VALUE WILL EQUAL THE OUTLET DIALYSATE CONC. 
439 C ARGUM = A VALUE THAT CHECKS THE PERCENTAGE OF DIFFERENCE 
440 C BETWEEN THE FLUX IN THE ECF TO THE MEMBRANE AND 
441 C THE FLUX IN THE MEMBRANE. 
442 C ADUM = A HOLDING VARIABLE TO CALCULATE CINFIN 
443 C CINFIN = CONCENTRATION VALUE AT THE FAR-FIELD ECF 
444 C PCNNEW = AN UPDATED VALUE OF PERCEN WHICH REFLECTS WHAT 
445 C THE CONCENTRATION OF THE DIALYSATE SHOULS BE. 
44 6 C VALUE = AN ARRAY THAT HOLDS THE VALUES NECESSARY FOR 
447 C THE THOMAS COMPUTATION 
448 
449 
450 c F o r e a c h t i m e i n c r e m e n t , a new m a t r i x of v a l u e s w i l l h a v e t o 
451 c b e c a l c u l a t e d . Once t h a t m a t r i x i s s e t u p t h e n t h e p r o g r a m 
452 C i s r e a d y t o c a l l t h e Thomas a l g o r i t h m . 



453 c 
454 C 
455 c 
456 
457 c 
458 c 
459 c 
460 c 
461 
462 
463 
464 
465 
466 C 
467 c 
468 c 
469 
470 c 
471 c 
472 
473 
474 c 
475 c 
476 c 
477 c 
478 c 
479 c 
480 c 
481 c 
4 82 
483 
484 C 
485 c 
486 c 
487 
488 
489 
4 90 
491 
492 
493 
494 
4 95 
496 
497 
498 
499 
500 c 
501 c 
502 c 
503 
504 
505 
506 
507 368 
508 
509 
510 
511 
512 
513 
514 
515 
516 367 
517 

S t a r t t i m e l o o p 
A p e r c e n t a g e o f t h e f a r - f i e l d c o n c e n t r a t i o n i s 

e n t e r e d t o g e t t h e p r o g r a m r o l l i n g . 

a********************************************************* 
F o r t h e d e l i v e r y c a s e w i l l u s e a p e r c e n t a g e l o s s a n d 
c o m p a r e i t w i t h t h e v a r i o u s f l u x v a l u e s . 

READ(15 ,*)CPERF 
READ(15,*)XLAM 

A s e t o f i n t e g e r f l a g s c a l l e d i p r o g t o d e t e r m i n e 
i n i t i a l l y i f t h e p r o g r a m n e e d s t o b e i n r e c o v e r y o r 
d e l i v e r y m o d e . 

IPROG = 1 d e n o t e s a r e c o v e r y e x p e r i m e n t 
IPROG = 2 d e n o t e s a d e l i v e r y e x p e r i m e n t 

The s u r o u t i n e r amp i s n e e d e d t o j u s t g e t v a l u e s i n t o t h e 
a r r a y s s o t h a t t h e r e i s n o l a g i n t h e c u r v e d u e 
t o t h e t i m e s t e p j u m p . RAMP r e d u c e s t h e t i m e s t e p 
t o a l l e v i a t e t h i s l a g p r o b l e m . T h i s was a r a t h e r 
s e v e r e p r o b l e m i n t h e f a r - f i e l d c o n c e n t r a t i o n p r o f i l e . 

. . . B u t d i d n o t seem t o a f f e c t t h e d i a l y s i s 
c o n c e n t r a t i o n . I n o r d e r t o make t h e p r o g r a m m o r e 
c o m p l e t e t h i s s u b - r o u t i n e was i n c l u d e d . 

PERCEN i s e i t h e r t h e p e r c e n t a g e l o s t o r t h e p e r c e n t a g e 
g a i n e d o f t h e f a r - f i e l d v a l u e C I N F . . U S E 1 . 0 % ( 9 - 1 5 - 9 4 ) . 

F o r m o s t a p p l i c a t i o n s t h i s w o r k s w e l l . 

PERCEN = 0 . 0 0 1 

CALL RAMP (ECFT, ACOEFF, BCOEFF, CCOEFF, DELR, CMAX, PERCEN, 
& RUNIT, SUMKS, ROUT, RIN, DMEM, DECF, QDIAL, XLEN, DDIAL, TAD, XKPLEC, 
& GICF,GECF,CPERF,XLAM,NUMR) 

ARGUM = 0 . 0 

DO 4 0 1=3,NUMT 

S i n c e t h e BC a t t h e w a l l w i l l b e z e r o , t h e n t h i s m o v e s 
t h e i n d e x i n g b a c k o n e . 
XLAM i n c l u d e s t h e d e c a y i n t h e b l o o d . 

CPLAS = CMAX*EXP(-XLAM*(REAL(i- l)*DELT)) 
TIME = REAL(1-1)*DELT 
WRITE(62 ,368 )TIME,CPLAS 

FORMAT ( IX , F 1 0 . 6 , 3X, F 1 0 . 6) 

DENDUM = SUMKS-XLAM 

ADUM=((CPLAS*XKPLEC+GICF+GECF)/DENDUM) 
BDUM = (XKPLEC*CMAX)/DENDUM 
CINFIN=ADUM-(BDUM*EXP(-SUMKS*DELT*REAL(i-l) ) ) 

CPLAS = CMAX*EXP(-XLAM*(REAL(i- l )*DELT)) 
W R I T E ( 6 0 , 3 6 7 ) C P L A S , c i n f i n 

FORMAT ( l x , F12 . 5 , 2 x , f l 2 . 5 ) 
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518 
519 
520 
521 
522 
523 
524 C 
525 C 
526 C 
527 
528 
529 
530 
531 c 
532 c 
533 
534 369 
535 18 
536 
537 
538 
539 
540 
541 
542 
543 C 
544 c 
545 C 
546 
547 
548 
549 c 
550 
551 
552 
553 
554 C 
555 c 
556 C 
557 c 
558 
559 
560 
561 
562 
563 
564 45 
565 
566 C 
567 c 
568 
569 
570 
571 C 
572 c 
573 c 
574 c 
575 
576 c 
577 c 
578 
579 
580 
581 
582 

I F (CPERF.GT.CINFIN) THEN 
IPROG = 2 

ELSE 
IPROG = 1 

ENDIF 

5 - 9 - 9 4 HAD PROBLEMS WITH DIVIDE BY ZERO ERROR CHANGED THIS 
TO A LOGICAL STATEMENT TO ALLEVIATE THE PROBLEM WITH 
A REAL DELIVERY 

ADDER = 1 . 0 E - 4 

PCNNEW = PERCEN 

C a l c u l a t e t h e a p p r o x . v a l u e f o r DELCON ( 0 . 0 5 * c i n f i n ) 
IARG = 1 
f o r m a t ( lx , 'DCNEW = \ f l 0 . 6 ) 

I F ( IPROG.EQ.1) THEN 
AMTGN = PCNNEW*CINFIN 
DCNEW = AMTGN + CPERF 

ELSE 
AMTLST = CPERF*PCNNEW 
DCNEW = CPERF-AMTLST 

ENDIF 

S e t u p g u e s s t o d e t e r m i n e t h e f l u x a t t h e i n n e r membrane 
s u r f a c e . S e e 3 - 5 - 9 4 d e v e l o p m e n t . 
Use c o n t i n u i t y e q u a t i o n t o o b t a i n g u e s s 

DELCON = DCNEW-CPERF 
FLUXRI = (DELCON*QDIAL) / ( 2 . 0 * 3 . 1 4 * R I N * X L E N ) 

d d i a l i n c l u d e s c o r r e c t i o n f o r f l o w ( 3 5 / 1 3 ) 
CMEMRI = ( ( F L U X R I * R I N ) / < ( 3 5 . 0 / 1 3 . 0 ) * D D I A L ) ) + D C N E W 

N o t e VALUE o n l y g o e s t o 10 b e c a u s e t h e BC i s 
i n c l u d e d . 

S t a r t w i t h s e t t i n g u p t h e v a l u e s t o b e s o l v e d f o r 
i n t h e m a t r i x f o r t h e m e m b r a n e . 

ECFT(1) = CMEMRI 
VALUE (1) =-ECFT (2) -COEFFA (2 ) * CMEMRI 
VALUE ( 1 0 ) = (FLUXRI* (RIN/ROUT) *RUNIT)/DMEM 

DO 4 5 K = 2 , 9 
VALUE(K)=-ECFT(K) 
CONTINUE 

C a l l THOMAS c a l l s t h e s u b r o u t i n e THOMAS t o s o l v e t h e 
m a t r i x of c o n c e n t r a t i o n s a t e a c h p o i n t . 

CALL THOMEM (ECFTP1, COEFFA, COEFFB, COEFFC, VALUE) 

F i n i s h t h e r e s t o f t h e ECF w h i c h i n c l u d e s t h e v a r i a b l e 
t i m e s t e p . V a l u e ( 1 2 ) i s t h e f i r s t p o i n t i n t h e 
ECF. V a l u e ( n u m r - 1 ) a n d V a l u e ( 1 2 ) i n c l u d e t h e b o u n d a r y 
c o n d i t i o n s . 

N o t e VALUE o n l y g o e s t o NUMR-1 b e c a u s e t h e BC i s 
i n c l u d e d . 

VALUE (NUMR-1) =-ECFT (NUMR-1) - (XKPLEC* CPLAS * DELT) 
& -COEFFC(NUMR-1)*CINFIN 

VALUE (12) = -ECFT ( 1 2 ) - (XKPLEC*CPLAS*DELT) 
& - ( (GICF+GECF) *DELT) - E C F T P 1 (10) *COEFFA(12) 



583 
584 
585 5 0 
586 
587 
588 
589 C 
590 c 
591 
592 
593 C 
594 C 
595 c 
596 c 
597 c 
598 c 
599 c 
600 c 
601 
602 
603 
604 
605 
606 
607 
608 
609 
610 
611 
612 
613 C 
614 c 
615 c 
616 c 
617 c 
618 c 
619 c 
620 c 
621 
622 
623 
624 
625 
626 
627 
628 
629 
630 
631 c 
632 
633 28 
634 
635 55 
636 
637 
638 60 
6 3 9 
640 
6 4 1 
642 
6 4 3 40 
644 38 
645 
646 C 
647 C 

178 

DO 50 J=13,NUMR-2 
VALUE(J)=-ECFT ( J ) -(XKPLEC*CPLAS*DELT)-((GICF+GECF)*DELT) 

CONTINUE 
ITHOM = 12 
NUMEQ = NUMR-ITHOM 

C a l l THOMAS c a l l s t h e s u b r o u t i n e THOMAS t o s o l v e t h e 
m a t r i x o f c o n c e n t r a t i o n s a t e a c h p o i n t . 

CALL THOECF(ECFTPl, COEFFA, COEFFB, COEFFC, VALUE, NUMEQ, ITHOM, NUMR) 

Now c h e c k t h e d i f f e r e n c e i n t h e FLUXrout a n d FLUX e c f a n d 
s e t an i n i t i a l t o l e r a n c e o f 0 . 1 f o r t h e a b s o l u t e v a l u e 
o f t h e d i f f e r e n c e b e t w e e n t h e s e f l u x v a l u e s . , Onae t h e 
t h e i n i t i a l t o l e r a n c e o f 1 0 p e r c e n t i s e n c o u n t e r e d 
t h e n t h e p r o g r a m c h a n g e s t o s l o w l y i n c r e m e n t t h e v a l u e s 
i n t h e d i a l y s a t e so t h a t a t o l e r a n c e o f 1 p e r c e n t may be 
o b t a i n e d . 

FLUXEC = ( ( E C F T P 1 ( 1 2 ) - E C F T P 1 ( 1 0 ) ) / R U N I T ) * D E C F 
FLUXRO = FLUXRI*(RIN/ROUT) 
DIFFLX = ABS(FLUXEC-FLUXRO) 
ARGUM = ABS (DIFFLX/FLUXRO) 
TOLER1 = 0 . 0 0 5 
TOLER2 = 0 . 0 1 
I F ( I A R G . E Q . 7 0 0 0 ) THEN 

GOTO 38 
ENDIF 

The f o l l o w i n g s e t s o f IF-THEN-ELSE s t a t e m e n t s a r e d e s i g n e d 
t o s a v e a l i t t l e c o m p u t a t i o n a l t i m e . Once t h e s e t t o l e r a n c e 
o f 10% i s r e a c h e d t h e p r o g r a m s h i f t s t o a new s e t o f IF-THEN-
ELSE s t a t e m e n t s t o g e t t h e t o l e r a n c e down t o 1%. A p r o b l e m 
was e n c o u n t e r e d when t h e " t r u e " a n s w e r was p a s s e d a n d t h e 
c o n c e n t r a t i o n r e a l l y n e e d e d t o b e l o w e r e d . T h i s w a s o b s e r v e d 
by n o t i c i n g t h e i n c r e a s e i n t h e d i f f e r e n c e s b e t w e e n t h e o l d 
a r g u m e n t s . 

I F (ARGUM.GT.TOLER1) THEN 
IARG = IARG+1 
PCNNEW = PCNNEW + ADDER 
ILOOP = 1 
I FLAG = 1 
GOTO 18 

ENDIF 

U p d a t e v a l u e s i n t h e m e m b r a n e a n d i n t h e ECF 

DO 55 K = l , 1 0 
ECFT(K+l)=ECFTP1(K) 
CONTINUE 

DO 60 K=ITHOM,NUMR-1 
ECFT(K)=ECFTP1(K) 
CONTINUE 

CALL DATOUT (ECFT, DELR, RUNIT, DELT, RIN, CINFIN, DCNEW, NUMR, I ) 

CONTINUE 
p r i n t * , ' o v e r t o l e r a n c e l e v e l ' 

1 0 - 8 - 9 4 USED AS A TEST FOR EUTHANIZED ANIMALS NEED TO 
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648 C SAVE THE CONDITIONS AND USE AS b e CONDITIONS IN THE 
649 C n e x t p r o g r a m 
650 
651 DO 88 JJ=1,NUMR 
652 W R I T E ( 8 5 , 8 8 8 ) E C F T ( J J ) 
653 888 FORMAT(IX,F10.6) 
654 88 CONTINUE 
655 
656 CLOSE(UNIT=85,STATUS='KEEP' ) 
657 C 
658 RETURN 
659 END 
660 
661 SUBROUTINE RAMP (ECFT, ACOEFF, BCOEFF, CCOEFF, DELR, CMAX, PERCEN, 
662 4 RUNIT,SUMKS,ROUT,RIN,DMEM,DECF,QDIAL,XLEN,DDIAL,TAU,XKPLEC, 
663 4 GICF,GECF,CPERF,XLAM,NUMR) 
664 C 
665 c The p u r p o s e o f s u b r o u t i n e RAMP i s t o b r i n g t h e i n i t i a l v a l u e s 
666 c i n t h e m a t r i x u p . B e c a u s e t h e f i n i t e d i f f e r e n c e p r o g r a m i s a 
667 c s t e p c h a n g e a s e v e r e s t e p c h a n g e i n t h e t i m e doma in c a n c a u s e 
668 c i n s t a b i l i t y i n t h e r o u t i n e . 
669 c RAMP t a k e s t h e c h a n g e i n t h e t i m e d o m a i n a n d d i v i d e s i t by 
670 c 1 0 a n d t h e n s o l v e s t h e i m p l i c i t f i n i t e d i f f e r e n c e f o r a l l s p a c e 
671 c p o i n t s a t t h e s e e a r l y t i m e p o i n t s . The c o e f f i c i e n t s u s e d a r e 
672 c d e f i n e d f o r t h e s m a l l e r d e l t a t a b o v e i n t h e i n i t i a l i z i n g 
673 c s u b r o u t i n e 
674 c 
675 
676 
677 REAL ECFT ( 7 0 0 ) , ECFTP1 ( 7 0 0 ) , ACOEFF (700 ) ,BCOEFF(700) ,CCOEFF(700) , 
678 & VALUE(700) ,DELR(700) , CMAX, R I N , RUNIT, XKPLEC, SUMKS, TAU, 
679 & PERCEN,CPERF 
680 INTEGER NUMR,IPROG 
681 
682 OLDFLX = 0 . 0 
683 
684 DO 40 1 = 2 , 1 1 
685 
686 c S i n c e t h e BC a t t h e w a l l w i l l b e z e r o , t h e n t h ' I f moves 
687 c t h e i n d e x i n g b a c k o n e . 
688 
689 CPLAS= c m a x * e x p ( - x l a m * ( r e a l ( i - 1 ) * t a u ) ) 
690 DENDUM = SUMKS-XLAM 
691 ADUM=((CPLAS *XKPLEC+GICF+GECF)/DENDUM) 
692 BDUM = (XKPLEC*CMAX)/DENDUM 
693 CINFIN=ADUM- (BDUM*EXP ( -SUMKS*TAU*REAL(i -1) ) ) 
694 TIME = REAL ( 1 - 1 ) *TAU 
695 WRITE(62 , 568)TIME,CPLAS 
696 568 F O R M A T ( I X , F 1 0 . 6 , 3 X , F 1 0 . 6 ) 
697 
698 397 f o r m a t ( l x , ' c m a x = ' , f l O . 6 , 3 x , ' C a t f a r - f i e l d - 1 , f 1 0 . 6 ) 
699 
700 I F (CPERF.GT.CINFIN) THEN 
701 IPROG = 2 
702 ELSE 
703 IPROG = 1 
704 ENDIF 
705 
706 c 1 0 - 2 1 - 9 4 (Added s o m e t i m e i n 4 - 9 4 ) 
707 c The f o l l o w i n g I F THEN s t a t e m e n t was e m p i r i c a l l y a d d e d 
708 c f o r s i t u a t i o n i n w h i c h a L S n n r o t h o r n o n e t f l u x s i t u a t i o n 
709 c i s u s e d i n m i c r o d i a l y s i s . F o r some r e f t t f t t When t h e p e r f u s i o n 
710 c f l u i d c o n c e n t r a t i o n s t a r t e d t o g e t w i t h i n 30 p e r c e n t o f t h e 
711 c f a r - f i e l d c o n c e n t r a t i o n t h e n t h e f l u x g e t s s e n s i t i v e , . t h u s 
712 c r e a s o n f o r g o i n g u p i n p e r c e n t a g e u n i t s a t a s l o w e r r a t e . 



713 c 
714 c 
715 c 
716 c 
717 
718 
719 
720 
721 
722 
723 
724 
725 
726 
727 
728 
729 
730 
731 
732 c 
733 c 
734 
735 
736 369 
737 
738 19 
739 
740 
741 
742 
743 
744 
745 C 
746 c 
747 C 
748 
749 
750 
751 
752 
753 
754 
755 
756 
757 C 
758 c 
759 
760 
7 6 1 
762 
763 
764 45 
765 
766 C 
767 c 
768 
769 C 
770 
7 7 1 C 
772 c 
773 
774 
775 
7 7 6 
777 
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O t h e r w i s e t h e p r o g r a m w o u l d b y p a s s t h e s t a b l e v a l u e a n d 
w o u l d d i v e r g e f r o m t h e a n s w e r r a t h e r t h a n c o n v e r g e . I d o 
n o t know t h a t m a t h e m a t i c a l r e a s o n f o r t h i s . . . . b u t 3 0 p e r c e n t 
s e e m s t o w o r k t h e b e s t . 

I F ( C I N F I N . G T . 1 . O E - 6 ) THEN 
PERDUM = (ABS(CPERF-CINFIN)) /CINFIN 

I F (PERDUM.LE.0.3) THEN 
ADDER = 1E-4 

ELSE 
ADDER = 0 . 0 0 0 5 

ENDIF 
ELSE 

ADDER - 0 . 0 0 0 5 
ENDIF 

PCNNEW = PERCEN 

C a l c u l a t e t h e a p p r o x . v a l u e f o r DELCON ( 0 . 0 5 * o i n f i n ) 
IARG = 1 
ARGOLD = 1 . 0 E 6 
f o r m a t ( l x , ' D C N E W = ' , f l 0 . 6 ) 

I F ( IPROG.EQ. l ) THEN 
DCNEW = (PCNNEW* CINFIN)+CPERF 

ELSE 
AMTLST = CPERF*PCNNEW 
DCNEW = CPERF-AMTLST 

ENDIF 

S e t u p g u e s s t o d e t e r m i n e t h e f l u x a t t h e i n n e r m e m b r a n e 
s u r f a c e . 

Use c o n t i n u i t y e q u a t i o n t o o b t a i n g u e s s 

DELCON = DCNEW-CPERF FLUXRI = (DELCON*QDIAL)/(2 .0*3.14*RIN*XLEN) 
CMEMRI = ( (FLUXRI *RIN) / ( ( 3 5 . 0 / 1 3 . 0 ) * DDIAL))+DCNEW 

ECFT(1) = CMEMRI 

N o t e VALUE o n l y g o e s t o NUMR-1 b e c a u s e t h e BC i s 
i n c l u d e d . 

VALUE (1) =-ECFT (2) -ACOEFF (2) * CMEMRI 
VALUE(10)= (FLUXRI*(RIN/ROUT)*RUNIT)/DMEM 

DO 4 5 K = 2 , 9 
VALUE(K)=-ECFT(K) 
CONTINUE 

C a l l THOMAS c a l l s t h e s u b r o u t i n e THOMAS t o s o l v e t h e 
m a t r i x of c o n c e n t r a t i o n s a t e a c h p o i n t . 

CALL THOMEM (ECFTP1, ACOEFF, BCOEFF, CCOEFF, VALUE) 

N o t e VALUE o n l y g o e s t o NUMR-1 b e c a u s e t h e BC i s 
i n c l u d e d . 

VALUE (NUMR-1)=-ECFT (NUMR-1) - (XKPLEC*CPLAS*TAU) 
& - ( (GICF+GECF) *TAU) -CCOEFF(NUMR-1) *CINFIN 

VALUE ( 1 2 ) = -ECFT (12) - (XKPLEC*CPLAS*TAU) 
& - ( ( G I C F + G E C F ) * T A U ) - E C F T P 1 (10)*ACOEFF( 12) 
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780 5 0 
7 8 1 
7 8 2 
7 8 3 
784 C 
7 8 5 c 
7 8 6 
7 8 7 
788 C 
7 8 9 
790 
791 C 
792 c 
793 c 
794 c 
795 c 
796 c 
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831 
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838 
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840 
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DO 50 J=13,NUMR-2 
VALUE ( J ) =-ECFT ( J ) - (XKPLEC*CPLAS*TAU) - ( (GICF+GECF) *TAU) 
CONTINUE 

ITHOM = 12 
NUMEQ = NUMR-ITHOM 

C a l l THOMAS c a l l s t h e s u b r o u t i n e THOMAS t o s o l v e t h e 
m a t r i x o f c o n c e n t r a t i o n s a t e a c h p o i n t . 

CALL THOECF(ECFTPl, ACOEFF, BCOEFF, CCOEFF, VALUE,NUMEQ, ITHOM, NUMR) 

Now c h e c k t h e d i f f e r e n c e i n t h e FLUXrout a n d FLUX e c f a n d 
s e t a t o l e r a n c e o f 0 . 1 f o r t h e a b s o l u t e v a l u e 
o f t h e d i f f e r e n c e . R e c a l l t h a t ECFTP1(12) i s t h e 
v a l u e i n t h e ECF a t p o i n t 12 a n d e c f t p l ( 1 0 ) i s 
t h e v a l u e o f t h e c o n c e n t r a t i o n a t t h e membrane o u t e r 
r a d i u s . DELR(11) i s t h e r a d i a l i n c r e m e n t i n t h e ECF 

FLUXEC = ( ( E C F T P 1 ( 1 2 ) - E C F T P 1 ( 1 0 ) ) / D E L R ( 1 1 ) ) * D E C F 
FLUXRO = FLUXRI*(RIN/ROUT) 
DIFFLX = (FLUXEC-FLUXRO) 
CHGFLX = OLDFLX-DIFFLX 

I F ( I PROG. EQ. 2 . AND. CHGFLX. LT. 0 . 0 . AND. DIFFLX .GWA.iWr7A) THEN 
IPROG = 1 
PCNNEW = PERCEN 
GOTO 19 

ENDIF 
OLDFLX = DIFFLX 
ARGUM = ABS(DIFFLX/FLUXRO) 

TOLER = 0 . 1 

I F ( I A R G . E Q . 2 0 0 0 ) THEN 
p r i n t * , ' o v e r t o l e r a n c e l e v e l IN RAMP' 
GOTO 39 

ENDIF 

I F (ARGUM.GT.TOLER) THEN 
IARG = IARG+1 
PCNNEW = PCNNEW+ADDER 
GOTO 19 

ELSE 
GOTO 2 9 

ENDIF 

DO 55 K = l , 1 0 
ECFT(K+l )=ECFTP1(K) 
CONTINUE 

DO 60 K=ITHOM,NUMR-1 
ECFT(K)=ECFTP1(K) 
CONTINUE 

CALL DATOUT (ECFT, DELR, RUNIT, TAU, RIN, CINFIN, DCNEW,NUMR, I ) 
CONTINUE 
RETURN 
END 

SUBROUTINE THOMEM (ECFTP1, THOMA, THOMB, THOMC, VALUE) 
REAL ECFTP1 (700) ,THOMA(700) , THOMB ( 7 0 0 ) , 



843 
844 
845 C 
846 C 
847 C 
848 C 
849 C 
850 C 
851 C 
852 c 
853 c 
854 
855 c 
856 
857 
858 c 
859 c 
860 c 
861 
862 c 
863 c 
864 c 
865 c 
866 c 
867 c 
868 c 
869 c 
870 
871 
872 
873 
874 
875 
876 c 
877 c 
878 
879 
880 
881 
882 35 
883 
884 
885 
886 
887 
888 
889 
890 45 
891 
892 
893 
894 
895 
896 
897 
898 
899 
900 
901 
902 
903 C 
904 C 
905 c 
906 c 
907 c 

& THOMC(700) ,VALUE(700) ,THBETA(700) , THGAMM(700) 
INTEGER IT,NEQU 

n e q u = n u m b e r o f e q u a t i o n s = n u m r - 1 
SOLVE A SET OF ALGEBRAIC EQUATIONS USING THE THOMAS 

TECHNIQUE FOR TRIDIAGONAL EQUATIONS 
THE THOMAS TECHNIQUE INVOLVES THREE DIFFERENT 
SECTIONS: 

1) DECOMPOSITION 
2) FORWARD SUBSTITUTION 
3) BACK SUBSTITUTION 

CHANGED USED CARNAHAN EXAMPLE PG. 442 

DO THE DECOMPOSITION 
NEQU=10 

1 - 2 0 - 9 4 Need t o c h e c k a n d m a k e s u r e t h a t t h e i n d e x i n g i n 
Thomas i s c o r r e c t . N e e d t o move e v e r y t h i n g u p by 

o n e s o t h a t t h e c o e f f i c i e n t s m a t c h t h e v a l u e s g i v e n 

PARAMETERS INTERNAL TO THOMEM 
A************************************************************ 

THBETA = AN ARRAY TO HOLD THE "B" COEFFICIENTS BECAUSE 
THE B COEFFICIENTS PASS THROUGH THIS ROUTINE MORE 
THAN O N C E . . . THEREFORE THEY NEED TO BE PRESERVED. 

THGAMMA = AN ARRAY NECESSARY FOR THE SOLVING OF THE 
MATRIX 

THBETA(l)=THOMB (2) 
THGAMM(1)=VALUE(1)/THBETA(1) 

DO 35 IT=2,NEQU 

THBETA ( I T ) =THOMB ( I T ) - ( (THOMA ( I T ) * THOMC ( I T - 1 ) ) /THBETA ( I T - 1 ) ) 
THGAMM ( I T ) = (VALUE ( I T ) - (THOMA ( I T ) * THGAMM ( I T - 1 ) ) ) /THBETA ( I T ) 

THBETA ( IT) =THOMB ( I T + 1 ) - ( (THOMA ( I T + 1 ) * THOMC (IT) ) /THBETA ( I T - 1 ) ) 
THGAMM ( IT) = (VALUE ( I T ) - (THOMA ( I T + 1 ) * THGAMM ( I T - 1 ) ) ) /THBETA ( I T ) 

CONTINUE 

ECFTPI(NEQU)=THGAMM(NEQU) 
DO 45 K T = N E Q U - 1 , 1 , - 1 

ECFTP1 (KT)=THGAMM (KT) - ( (THOMC (KT+1) *ECFTP1 (KT+1)) 
& /THBETA(KT)) 

CONTINUE 

RETURN 
END 

SUBROUTINE THOECF (ECFTP1, THOMA, THOMB, THOMC, VALUE, NUMEQ, ITHOM, 
& NUMR) 

REAL ECFTP1 (700 ) , THOMA ( 7 0 0 ) , THOMB ( 7 0 0 ) , 
& THOMC (7 0 0 ) , VALUE ( 7 0 0 ) , THBETA ( 7 0 0 ) , THGAMM (700) 

INTEGER NUMEQ,ITHOM, IT,NEQU 
n e q u = n u m b e r o f e q u a t i o n s = n u m r - 1 

SOLVE A SET OF ALGEBRAIC EQUATIONS USING THE THOMAS 
TECHNIQUE FOR TRI DIAGONAL EQUATIONS 
THE THOMAS TECHNIQUE INVOLVES THREE DIFFERENT 
SECTIONS: 



183 
908 C 1) DECOMPOSITION 
909 C 2) FORWARD SUBSTITUTION 
910 C 3) BACK SUBSTITUTION 
911 C CHANGED USED CARNAHAN EXAMPLE PG. 4 42 
912 
913 C p r i n t * , ' s u b r o u t i n e t h o m a s ' 
914 
915 C DO THE DECOMPOSITION 
916 NEQU=NUMEQ 
917 
918 C 1 - 2 0 - 9 4 Need t o c h e c k a n d make s u r e t h a t t h e i n d e x i n g i n 
919 c Thomas i s c o r r e c t . Need t o maove e v e r y t h i n g up by 
920 c one s o t h a t t h e c o e f f i c i e n t s m a t c h t h e v a l u e s g iven 
921 c 3 - 6 - 9 4 . . c h a n g e d i n d e x i n g 
922 
923 THBETA(ITHOM)«THOMB(ITHOM) 
924 THGAMM (ITHOM) VALUE (ITHOM) /THBETA (ITHOM) 
925 
926 DO 35 IT=ITHOM+l,NUMR-1 
927 c 1 - 2 0 - 9 4 . . . N o t e t h i s i s w h e r e t h e c h a n g e i s i n i n d e x i n g . 
928 c 3 - 6 - 9 4 . . . c h a n g e d i t b a c k , . o l d i n d e x i n g s a v e d i n comments 
929 
930 THBETA(IT)=THOMB(IT)-( (THOMA(IT) *THOMC ( I T - 1 ) ) /THBETA(IT-1)) 
931 THGAMM (IT) = (VALUE (IT)-(THOMA ( IT) *THGAMM( I T - 1 ) ))/THBETA (IT) 
932 
933 C THBETA (IT) =TH0MB ( IT+1) - ( (THOMA ( IT+1) *TH0MC ( I T ) ) /THBETA ( IT-1) ) 
934 C THGAMM (IT) = (VALUE ( IT ) - (THOMA(IT+1) *THGAMM ( I T - 1 ) ) ) /THBETA(IT) 
935 
936 35 CONTINUE 

939 ECFTP1 (NUMR-1) =THGAMM(NEQU) 
940 DO 45 KT=NUMR-1,ITHOM,-1 
941 c c h a n g e d i n d e x i n g i s a f f e c t e d h e r e t o o a d d 1 t o c o e f f c . 
942 c 3 - 6 - 9 4 . . u n d i d c h a n g e 
943 ECFTP1 (KT) =THGAMM (KT) - ( (THOMC (KT) *ECFTP1 (KT+1) ) 
94 4 & /THBETA(KT)) 
945 45 CONTINUE 
946 
947 c p r i n t * , ' j u m p i n g o u t o f t h o m a s ' 
948 RETURN 
949 END 
950 
951 
952 SUBROUTINE DATOUT (ECFT, DELR, RUNIT, DELT, RIN, CINFIN, DCNEW, NUMR, I) 
953 REAL E C F T ( 7 0 0 ) , DELR(700) ,DELT,SIMTIM,RADIAL,RIN 
954 INTEGER NUMR,I 
955 
956 c 4 - 5 - 9 4 C o u n t i n g i n d a t a o u t was i n c o r r e c t . . . d i d not 
957 c t a k e i n t o a c c o u n t t h e r a d i a l i n c r e m e n t 
958 
959 
960 c RECOV = (DCNEW/ECFT(11))*100 
961 c WRITE(60,279)RECOV 
962 c 2 7 9 FORMAT (IX,'RECOVERY(%) = \ F 1 0 . 6 ) 
963 C EXFRAC = DELCON/CINFIN 
964 C WRITE(60,277)EXFRAC 
965 C277 FORMAT(IX,'EXTRACTION FRACTION = ' , E 1 5 . 5 ) 
966 SIMTIM=(1-1)*DELT 
967 WRITE(6, 578)SIMTIM 
968 578 FORMAT(IX,'TIME UNIT = ' , F 1 0 . 6 ) 
969 
970 WRITE(65, 289)SIMTIM,DCNEW 
971 WRITE(60, 289)SIMTIM,DCNEW 
972 289 FORMAT ( I X , F12 . 5 , 2 x , f l 2 . 5) 
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973 c T h i s s u b r o u t i n e w i l l o u t p u t t h e f i l e so t h a t i t can be 
974 c i m p o r t e d i n t o E x c e l . From E x c e l t h e u s e r c a n d e t e r m i n e 
975 c w h i c h t i m e p o i n t s o f t h e s i m u l a t i o n w i l l b e saved 
976 c o r d i s c a r d e d . 
977 
978 
979 w r i t e ( 6 0 , 2 9 8 ) R I N , e c f t (1) 
980 298 FORMAT (IX, f 1 2 . 5 , 2 x , f 12 . 5 , ) 
981 c o u t p u t m e m b r a n e 
982 DO 70 J = 2 , 1 1 
983 c C a l c u l a t e t h e r a d i a l d i s t a n c e f o r e a c h c o n c e n t r a t i o n 
984 RADIAL=RIN+((J - l )*RUNIT) 
985 c x n o r m = e c f t ( j ) / c i n f i n 
986 c WRITE(60, 2 9 9 ) R A D I A L , E C F T ( J ) , x n o r m 
987 C299 FORMAT ( IX, f 12 . 5 , 2 x , f 12 . 5 , 2 x , f 1 2 . 5 ) 
988 WRITE (60, 2 9 9) RADIAL, ECFT ( J ) 
989 299 FORMAT(IX, f 1 2 . 5 , 2 x , f l 2 . 5 ) 
990 
991 70 CONTINUE 
992 
993 c o u t p u t r e s t i n s t e p s o f t e n 
994 c B e c a u s e o f v a r i a b l e o u t p u t n e e d a l o g i c a l s t a t e m e n t 
995 c i c o u n t = 0 
996 
997 DO 75 J = 1 2 , 2 5 
998 RADIAL=RADIAL+DELR ( J - l ) 
999 WRITE (60 , 2 9 9 ) RADIAL, ECFT ( J ) 

1000 75 CONTINUE 
1 0 0 1 
1002 
1003 DO 80 J=26,NUMR-1 
1004 i c o u n t = i c o u n t + 1 
1005 RADIAL=RADIAL+DELR(J-l) 
1006 C x n o r m = e c f t ( j ) / c i n f i n 
1007 i f ( i c o u n t . e q . 1 0 ) t h e n 
1008 C WRITE ( 6 0 , 899) RADIAL, ECFT (J) ,xnorm 
1009 C899 FORMAT ( IX, f 12 . 5 , 2 x , f l 2 . 5 , 2 x , f 12.5) 
1010 WRITE ( 6 0 , 8 99) RADIAL, ECFT (J) 
1 0 1 1 899 FORMAT ( I X , f 1 2 . 5 , 2 x , f 1 2 . 5 ) 
1012 i c o u n t = 0 
1013 e n d i f 
1014 80 CONTINUE 
1015 RADIAL=RADIAL+DELR (NUMR-1) 
1016 w r i t e ( 6 0 , 3 0 1 ) r a d i a l , c i n f i n 
1017 301 FORMAT(IX, f 1 2 . 5 , 2 x , f 1 2 . 5 ) 
1018 

FORMAT(IX, f 1 2 . 5 , 2 x , f 1 2 . 5 ) 

1019 
1020 RETURN 
1 0 2 1 END 
1022 


