Semi-automated Modular Programming Construction for Physiological Modeling
by Gary M. Raymond and James B. Bassingthwaighte
Abstract

A major obstacle in writing complex programs for modeling physiological processes is the large
amount of time it takes to code in a computer programming language the myriad processes taking place
simultaneously in cells, tissues, and organs. Additional time is involved in debugging, testing, and
validating the code before it can be used for the planning and analysis of experiments. Most instances
of “modular” systems are incompletely described, are primarily used only by their creators despite
claims of “ease of useability” and “human readable/writeable code”, and none have enjoyed wide scale
adoption by the physiological modeling community. New paradigms for the creation of complex
models are required. A modest attempt at creating a technology for shortening the time between
thought and computational results is presented. Our experience is that we have shortened the time it
takes to create complex models from weeks and months to hours and days.

Introduction:

There have been many attempts to provide modular programming systems for physiological
applications (). All of them take slightly different approaches and are better or worse for some
particular applications. None as yet have met with universal adoption by the physiological modeling
community. We propose yet another system which we describe as semi-automated modular
programming construction. It is not inherently novel, but it is easy to learn and use.

The Modular Program Constructor (MPC) is build upon the Mathematical Modeling Language
(MML) of JSim (). MPC has three components. The first component is MML with its capabilities for
declaring parameters and variables and defining algebraic, ordinary differential equations, and partial
differential equation with their associated constraints, initial conditions and boundary conditions. The
second component is a set of code libraries which contain the essential generic code modules
(mathematical equations) for simple processes, e.g., flow in a capillary, diffusion in a distributed
region, enzyme conversion of a molecule into another molecule, transport across a membrane, etc. The
code libraries also contain modules for parameter and variable declarations, model “boilerplate”, entire
models, etc. An example of a code library is illustrated in the Appendix. The short code library was
generated by MPC and is used to make the first two example models.The third component is a set of
directives which direct the selection of processes, gathering the code from existing models and code
libraries, renaming parameters and variables to reflect the new purpose for which it will function, and
automatically combining the mathematical structures into new structures.

Three simple examples of using MPC to generate models of increasing complexity are given.
Example 1 has two species in a flowing region exchange with a stagnant region which exchanges with
a second stagnant region exchanging with a third stagnant region where the irreversible conversion of
species A to species B occurs. Example 2 relabels the two species as adenosine and inosine, changes
the the regions designated 1, 2, and 3 to plasma, interstitial fluid, and cell respectively, adds a
competitive transporter on the cell membrane and a reversible enzyme conversion process for
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adenosine and inosine in the cell. Example 3 takes the model generated in example 2 and makes it into
a heterogeneous flow whole organ model with ten flow paths equally spaced in the logarithm of the
relative flow range with weights selected from a probability density distribution. Statistics on mass
balance and transit time are also added to the third example. The amount of code written for the MPC
and generated by MPC is given in Table 1, along with the number of submodels used.

Model Name Lines of input in .mpc* | Lines produced .mod # of submodels used
A2B 27 83 9

Ado2Ino 48 174 18%*
MultiFlowAdo2Ino 28 1358 183*%**

Table 1: Statistics on number of lines inputted to MPC, number of lines of code produced for JSim, and

number of submodels included.

* Does not include blank lines. Continued //%GET and //%REPLACE directives counted as
single lines. Does not include comments.

Hox Includes the 9 submodels in A2B.mod.

*#**  Includes ten times the number of submodels in Ado2Ino.mod.

Methods:

The Modular Program Constructor (MPC) has been designed to work with JSim's Mathematical
Modeling Language (MML). MPC is a pre-compiler written in Java. It reads an input file,
FileName.mpc, and generates an output file, FileName.mod, a JSim model file. The input file combines
MML with “directives” embedded as comments and is able to utilize code from other JSim model files
and constructed code libraries. The directives all begin with “/ / 9%’ so they are comments. Directives
control the identification, fetching, relabeling of variables and parameters, and assembling and
recombining code into new equations. MPC currently has ten directives:

(D /1 %COM (comment directive not copied to final nodel file)

(2) | | YSTART codeBl ockNane

(3) /1 YEND codeBl ockNamne

(4) /1 %ET Model . nod codeBl ockNane (“ol dNamel=newNanel”, ...)

(5) /| YREPLACE % epl acer %=(“repl acement1”, ... “replacenentN")
(6) 1% ... ) continuation used only with GET and REPLACE
(7) | | YENDREPLACE

(8) /1 YCOLLECT(“ vari abl eNane”)

(9 /1 9% NSERTSTART codeBl ockNane

(10) / 1 %4 NSERTEND codeBl ockNane
COM directive
The COM directive indicates a comment in the input FileName.mpc file which is not copied to
the output FileName.mod file. An example is given:

/1 9%C0M This comment is in Comment.npc but WLL NOT appear in Comment. nod.

START and END directives
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The START and END directives encapsulate a block of code. Code can consist of “boiler plate”
for models, variable declarations, equations, comments or any combination of these elements. The
encapsulating directives are inserted in existing models where they function as comments. The syntax
of these directives is

[ | YSTART codeBl ockNanme

/| YEND codeBl ockNane

Examples of encapsulating directives are shown in FlowDiffusion.mod, the blood tissue exchange
model for a single capillary:

import nsrunit; unit conversion on;
math FlowDi ffusion { // Partial Differential Equation Mdel for capillary

[ | YSTART pdeDonmi ns

real Domain t s; t.mn=0; t.nmax=30; t.delta = 0.1;
real L = 0.1 cm

real Ndivx = 31;

real Domain x cm; X.mn=0; x.max=L; x.ct = Ndivx;
/| YEND pdeDonai ns

[/ Paraneters and Vari abl es

real F =1 mM/(mn); /1 Flow

real V=0.05m; [/ Vol une

real D= le-6 cm\2/s; /] Diffusion coefficient

real CO = 0 nM /1 Initial Concentration

extern real Cn(t) mM // Input conc fromfunc generator
real C(t,x) nmM /1 Concentration

real Cout(t) mM /1 Qutflow conc

when(t=t.mn) C=C0; /1l Set Init condition

| | YSTART fl owBC

when (x=x.mn) (-FL/IV)*(CCin)+D*C x = 0;
when (x=x.nmax) { Cx = 0; Cout = C;}

/| YEND f 1 owBC

[ YSTART flowDi ffCalc

Ct =DCx:x
-(F*L/ V) *C: x;

[/ Y%END fl owDi ffCal c

}

Continuation directives

The continuation directive is only used with the GET and REPLACE directives. At the
beginning of MPC all continued statements are compressed to single lines. GET and REPLACE
directives are therefore always treated as single lines. This will become important when discussing the
REPLACE directive. The syntax of the continuation directive is

/1% ... ) where“. ..” stands for part of the continued directive.
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GET directives

The GET directive identifies a file containing desired code, what code block to copy, and the
changing of old names (names of parameters and variables in the extracted code) to new names. The
syntax of the GET directive is

/1 %ET Fi | eNane. ext ensi on codeBl ockNane ("ol dNanel=newNanel", ...)

The codeBlockName in the GET directory must find a matching codeBlockName in the file
named FileName.extension with the START and END directives. The GET directive can use the

continuation directive as illustrated with the following example. The following code in
Adenosi ne. npc

/1 %ET Fl owhi ffusion.mod flowbiffCalc (" C=Adenosi ne", " F=Fl ow', "L=Lcap",
/1% "V=Vcap", "x=xcap", "D=Dcap")

produces the following output in file Adenosine.mod:

Adenosi ne:t = Dcap*Adenosi ne: xcap: xcap
- (FI ow*Lcap/ Vcap) * Adenosi ne: xcap;
/1 This MWL file generated from Adenosi ne. npc usi ng MPC.

INSERTSTART and INSERTEND directives

The INSERTSTART and INSERTEND directives insert START and END directives in the
output file identifying pieces of code for later use. The syntax of these directives is

[/ 9% NSERTSTART codeBl ockNane
[ 1 %9 NSERTEND codeBl ockNane

A primary use of the insert directives is to generate a code library where many pieces of code can be
stored for ease of reference and use. An example of a short code library input and output file is shown
in the Appendix.

REPLACE and ENDREPLACE directives

The REPLACE directive and it's companion directive, ENDREPLACE, govern replacing
parameter and variable names in other statements and directives. It duplicates lines of code and
other directives. The REPLACE directive consists of two parts, a “replacer” surrounded by “%” signs
on the left of an “=" sign, and a list of “replacements” on the right hand side. The syntax of the
REPLACE directive has multiple forms which are explained below. The following example will create
the flow calculations for two PDE concentration variables

| | YIREPLACE %Speci es%=(" ATP", " ADP")

real %species%t,x) mM // Concentration of %Bpecies%in capillary
/| %CET Fl owPDE. nod fl owPDECal ¢ (" C=%Bpeci es% , " F=Fl ow', "L=Lcap",
/1% "V=Vcap", "x=xcap", " D=D¥Speci es¥®)
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| | YENDREPLACE

produces
real ATP(t, x) nM /'l Concentration of ATP in capillary
real ADP(t,x) mM /!l Concentration of ADP in capillary

ATP:t = DATP*ATP: xcap: xcap

- (Fl ow* Lcap/ Vcap) * ATP: xcap;
ADP: t = DADP* ADP:. xcap: xcap

- (Fl ow* Lcap/ Vcap) * ADP: xcap;

Multiple replacers on same level

There can be multiple replacements on the same replacement level surrounded by an outer set of
parentheses. For example, ¥%Bpeci es%and %mane%eare replacers on the same level. Each has the same
number of replacements which is required.

/| YIREPLACE ( %Speci es% (" Ado", "I no") |,
%mane% = (“adenosi ne”,”inosine”) )
real %gpecies%t,x) mM // Concentration of %mame%in capillary
/1 Y%ET Fl owPDE !'ja. mod fl owPDECal ¢ (" C=%gpeci es% , "F=Fl ow', "L=Lcap",
/1% "V=Vcap", "x=xcap", " D=D¥Speci es¥®)
[ | YENDREPLACE

produces
real Ado(t,x) nM /1l Concentration of adenosine in capillary
real Ino(t,x) nM /'l Concentration of inosine in capillary

Ado:t = DAdo* Ado: xcap: xcap

- (FI ow*Lcap/ Vcap) * Ado: xcap;
Ino:t = DIl no*lno:xcap: xcap

- (Fl ow*Lcap/ Vcap) *I no: xcap;

/1 This MWL file generated from Adol no. npc usi ng MPC.

Replacements with numeric ranges

Replacements can have the form "t ext #N#M' where text is optional, N and M are integers and
N is less than or equal to M. This type of replace is expanded into M-N+1 replacements beginning with

"t ext N' and ending with " “ t ext M'. The following example demonstrates this:

/I YREPLACE (¥Speci esY%=(" A#L1#2"), 90&("#1#2"),

/1% %ol %("0.05","0.15"), %l ace%("pl asm",

1% "endothelial cell") )

real %Speci es%t,x) = mV /1 Concentration of %Species%in V¥N%
(%l ace®

real VW% = %ol % m/g; // V% is volunme of %l ace%
[ YET Exchange. nod exchangeCal c( " Cl=Al", " C2=A2", " PS=PSg")
| | YENDREPLACE

produces
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real Al(t,x) = nmM /'l Concentration of Al in V1 (plasmm)

real A2(t,x) = mM /! Concentration of A2 in V2 (endothelial cell)
real V1 = 0.05 nl/g; /1 V1 is volune of plasm

real V2 = 0.15 nl/g; /1 V2 is volune of endothelial cell

Al:t = PSg/ V1*(A2- Al);

A2: t PSg/ V2* ( Al- A2) ;
/1 This MML file generated from A npc using MPC.

Embedded REPLACE directives

REPLACE directives can be embedded. The innermost directives are executed first. The
REPLACE directives are executed from left to right.

COLLECT directive

The COLLECT directive assembles equations with matching left hand sides. The syntax is

[ | YCOLLECT( “ Vari abl eName”) .
Most often the variable name is Var i abl eNanme: t , the time derivative of a variable in MML
Processing of directives and removal of Duplicated lines of code

The order of processing of the code is as follows:
While there are remaining GET and REPLACE directives, (1) compress the GET and REPLACE
directives into single lines of code; perform all REPLACE directives in the following order (2) from
most embedded to least embedded and (3) from left to right for replacers and replacements; (4)perform
all GET directives from first to last; (5) if the GET directives have returned additional GET or
REPLACE directives repeat steps (1) through (4) until no GET and REPLACE directives remain.

Remove all duplicate lines of code with the exception of lines which contain only “/*”, “//”, and “*/”.
It may be necessary to modify some entries in the Code Library, for example,

A=if(CD C else
0.0;

B=if (D>C) D else
0.0;

produces

A=if(CD C else
0.0;

B=if (D>C) D else

Note the missing line of code. However by shifting the fourth statement to the right,

A

if(CD C else
0. 0;

B if (D>C) D else
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0.0;

the correct code is produced:

A=if(CD C else
0. 0;

B=if (D>C) D else
0. 0;

Finally, all of the COLLECT directives are performed. When a COLLECT directive is executed,
the assembled differential equation is placed where the first instance of the variable being collected is
encountered as the left hand side of a calculation. Therefore, it is imperative that the user declare all
variables in the collected equation before they are used. We encourage the practice of declaring all
variables and parameters at the front end of an MML model.

Results:

We demonstrate the utility of this method with the three examples mentioned above in the
introduction.

Example 1: Using all the directives

The first example uses all of the directives to generate a model for three-regions (flowing
plasma, stagnant interstitial fluid and cell; exchange between plasma and interstitial fluid region and
also between the interstitial fluid region and the cell) for two species with conversion of the first
species to the second species in the cell. The regions will be labeled “1”, “2”, and “3”, and the species
“A” and “B”. Sample output is displayed in Figure 1 when the inflowing concentration for species A is
given by the Longtail function provided by the function generator and there is no inflowing
concentration for species B.

The input file to MPC: A2B.mpc

/* SHORT DESCRI PTION: A two species (A and B) nodel in
3 regions (1=flowing, 2 and 3 stagnant) with A->B
inregion 3 */
import nsrunit; unit conversion on;
mat h A2B {
| | YREPLACE %CL% =(". ./ SHORTCODELI B/ Short CodelLi brary. nnd")
| | YREPLACE (90N\%=(" #1#3"), %ol %("0.05","0.15","0.60") )
| | YREPLACE (9%P%("12","23"), %1% ("#1#2"),
11 % U8 2%( " #2#3"), 9RUE("3","5") )
/| YREPLACE %ABY%("A","B")

/1 1 NDEPENDENT VARI ABLES
[ YET %CL% pdeDonai ns()

/| 98 NSERTSTART a2bPar nsVar s

/'l PARAMETERS

real Flow=1 m/(g*mn); /1l Flowrate

real PSY#ABWA% = 9R% m / (g*mn); /1l Exchg rate
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real Ga2b = 10 m/(g*mn); /1 Conversion rate

real VUN% = %ol % m/qg; /1 Vol ume of V¥%\%

real DYABYWMN% = le-6 cmt2/ sec; /1 Diffusion coeff
extern real %AB% n(t) nM /1 Inflowing concentration
/| DEPENDENT VARI ABLES

real %AB%out (t) nv /1 Qutflow ng concentration
real YABWMNU{t, x) nM /1 Concentration

/1 I NI TI AL CONDI TI ONS

when(t=t.mn) %ABYWNYO;

/1 BOUNDARY CONDI TI ONS

[ YEET %CL% fl owBC (" C=%ABYL" , "V=V1", " F=Fl ow', " D=D¥%AB%1" ,
1% "Ci n=%AB% n", " Cout =%ABYout ")

[ YCGET %CL% noFl owBC (" C=%AB%/62% , " D=%ABYWE2% )

/1 %4 NSERTEND a2bPar nsVar s

/ 1 % NSERTSTART a2bCal ¢
/| PDE CALCULATI ONS

ITYEET Y%CL% flowbi ffCalc ("C=%BW", "V=V1",6 " F=Fl ow', " D=D¥%ABYdL")

I YEET %CL% di ffusionCal ¢ (" C=%ABWs2% , " D=D¥ABWE2% ) ;

I YGET %CL% exchangeCal ¢ (" Cl=%AB%W61% , " V1=Vy%61% , " PS=PSYAB%WFY ,

/1% " C2=YABWE 2% , " V2=\s29%6 )

/| %GET %CL% reactionCalc ("A=A3","B=B3","V=V3", "G=Gaz2b")
/ | YOOLLECT( " %ABYANY t ")

/ 1 % NSERTEND a2bCal ¢

!/ | YENDREPLACE
!/ | YENDREPLACE
| | YENDREPLACE
!/ | YENDREPLACE

}
The output file from MPC: A2B.mod

/* SHORT DESCRI PTION: A two species (A and B) model in
3 regions (1=flowing, 2 and 3 stagnant) with A->B
in region 3 */

i mport nsrunit; unit conversion on;

math A2B {

// | NDEPENDENT VARI ABLES

real Domain t s; t.mn=0; t.max=30; t.delta = 0.1;
real L = 0.1 cm

real Ndivx = 31;

real Domain x cm; X.m n=0; X.max=L; x.ct = Ndivx;
/| YSTART a2bPar nsVar s

/1 PARAMETERS

real Flow =1 m/(g*mn); /1l Flowrate

real PSA12 = 3 m/(g*mn); /1l Exchg rate

real PSA23 =5 m/(g*mn); /'l Exchg rate

real PSB12 = 3 m/(g*mn); /'l Exchg rate

real PSB23 =5 m/(g*mn); /'l Exchg rate

real Ga2b = 10 m/(g*mn); /1l Conversion rate
real V1 = 0.05 nm/g; /1 Vol ume of V1
real V2 = 0.15 nm/g; /1 Vol unme of V2
real V3 = 0.60 nm/g; /'l Vol unme of V3
real DAl = le-6 cm2/sec; /1 Diffusion coeff
real DA2 = le-6 cm2/sec; /1 Diffusion coeff
real DA3 = le-6 cmt2/sec; /1 Diffusion coeff
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real DBl = le-6 cm‘2/sec; [/ Diffusion coeff
real DB2 = le-6 cm‘2/sec; [/ Diffusion coeff
real DB3 = le-6 cm‘2/sec; [/ Diffusion coeff

extern real Ain(t) mM [// Inflow ng concentration
extern real Bin(t) mM [// Inflow ng concentration
/| DEPENDENT VARI ABLES

real B2(t, x)
real B3(t,Xx)
/1 I NITI AL CONDI TI ONS
when(t=t.mn) Al=0;
when(t=t.mn) A2=0;
when(t=t.mn) A3=0;
when(t=t.mn) B1=0;
when(t=t.mn) B2=0;
when(t=t.mn) B3=0;

/1 BOUNDARY CONDI Tl ONS

/'l Concentration
/'l Concentration

real Aout(t) nmv /1 Qutflow ng concentration
real Bout(t) mMV /1 Qutflow ng concentration
real Al(t,x) mV /1 Concentration
real A2(t,x) mV /1 Concentration
real A3(t,x) mV /1 Concentration
real B1(t,x) mM /1 Concentration

mvt

M

when (x=x.nmin) (-Fl owL/Vl)*(Al-Ain)+DAL*Al:x = O;
when (x=x.max) { Al:x = 0; Aout = Al;}
when (x=x.nmin) (-Fl owL/Vl)*(B1l-Bin)+DB1*Bl:x = O;

when (x=x.max) { Bl:x = 0; Bout = B1;}

when(x=x.mn) A2:x=0;
when( x=x. max) A2:x=0;
when(x=x.mn) A3: x=0;
when( x=x. max) A3: x=0;
when(x=x.mn) B2:x=0;
when(x=x. max) B2:x=0;
when(x=x.m n) B3:x=0;
when( x=x. max) B3: x=0;
/| YEND a2bPar nsVar s

/| ¥START a2bCal c

/| PDE CALCULATI ONS

Al:t = -(FlowL/V1)*Al: x
+ DA1*Al: x: X
+PSA12/ V1* (A2- Al) ;

Bl:t = -(FlowlL/V1)*Bl:x
+ DB1*B1: X: X
+PSB12/ V1* (B2- Bl) ;

A2:t = DA2*A2: X: X
+PSA12/ V2* ( Al- A2)
+PSA23/ V3* ( A3- A2) ;

A3:t = DA3*A3: X: X
+PSA23/ V3* ( A2- A3)
- G2b/ V3* A3;

B2:t = DB2*B2: x: X
+PSB12/ VV2* ( B1- B2)
+PSB23/ V3* (B3- B2) ;

B3:t = DB3*B3: Xx: X
+PSB23/ V3* ( B2- B3)
+Ga2b/ V3* A3;

[/ YEND a2bCal ¢

}
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/1 This MWL file generated from../PDF_EXAMPLES/ A2B. npc usi ng MPC

Jsim produced Figure 1 when running the model for 60 seconds with Ain, the inflowing concentration
of species A, equal the Longtail function from the function generator and Bin, the inflowing
concentration of B equal zero.

o A2B Inflow/5 and Outflow Concentrations

D._
2l |
s © —— 1: Ain/5
£ —-—= 2: Aout mM
= - -=-=-=- 3:Bout mM
= T
83 [ \\
1= { A
o] | !
g ! A
O o ‘\
e \
' f" . -'----"-
= < -I’ T |“-=- T T )
0 10 20 30 40 50 60
Time, s

Figure 1: The inflowing concentration of A divided by 5 (solid), the capillary outflow of A (dashed)
and B (dotted) are plotted as functions of time.

Example 2: A more complex model

The regional labels, “1”, “2”, and “3”, are replaced by slightly more descriptive labels, “p” for
plasma, “i “ for interstitial fluid, and “c” for cell. Labels “A” and “B” are changed to “Ado” for
adenosine and “Ino” for inosine. In addition to the passive exchange between the interstitial fluid
region and the cell, a competitive transporter on the cell membrane for adenosine and inosine will be
added. The competitive transporter is composed of four copies of a on-off membrane binding model
and three copies of a conformational change model. In addition to the irreversible conversion of
adenosine to inosine in the cell, a reversible enzyme conversion process is added. This model will use
code from the previous model.

The input file to MPC: Ado2Ino.mpc:

/* SHORT DESCRI PTION: A nodified version of A2B with
rel abeling the two species for adenosi ne (Ado)
and inosine (Ino) in three regions (plasm (p),
interstitial fluid region (i) and parenchymal cell
(c) ) with addition of conpetitive transporter for
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Ado and Ino on cell nenmbrane and enzyne conversion
of Ado to Ino.
*/
import nsrunit; unit conversion on;
mat h Ado2l no {
/1 9% NSERTSTART ado2i noMbdel
/| %REPLACE  %CL% =(". ./ SHORTCODELI B/ Short CodelLi brary. nod")
/| YREPLACE %PL%("../ PDF_EXAMPLES/ ")
[ Y6ET %CL% pdeDomai ns()

I YGET %PLYA2B. nod a2bPar msVar s( " Al=Adop", " A2=Adoi ", " A3=Adoc",

/1% " Aout =Adoout ", " Ai n=Adoi n",

/1% "Bl=l nop", "B2=Inoi", "B3=I noc", " Bout =l noout ", " Bi n=I noi n",
/1% "V1=Vp", "V2=vi ", "V3=Vc",

/1% " DA1=DpAdo", " DA2=Di Ado", " DA3=DcAdo",

/1% " DB1=Dpl no", "DB2=Di | no", " DB3=Dcl no",

/1% " PSA12=PSgAdo", " PSB12=PSgl no",

/1% " PSA23=PSpcAdo", " PSB23=PSpcl no",

/1% " Ga2b=Gado2i no")

/| %REPLACE (% c%=("1","c"), %i%("c","i") )

/| BEPLACE (% _Ec% =("Enz", "ECnpl x"), %i c%("Etot","ZEROM') )

| | YREPLACE %Adol no%=(" Ado", "1 no")

// ADDI TI ONAL PARAMETERS

private real ZEROT = 0 nmol/cm2;// Renoves lnitial Conditions from Paramneter List
private real ZEROM = 0 nM /'l Renoves Initial Conditions from Paraneter List

/1 ENZYME CONVERSI ON PARAMETERS

real Etot = 0.001 mM /1l Enzynme Concentration in cell
kfl = 10 mvr(-1)*s"(-1), /1 rate const ado+enz->ecnpl x
kbl = 10 s™(-1), /1 rate const ecnpl x->ado+enz
kf 2 = 10 sec”™(-1), /1 rate const ecnpl x->i no+enz
kb2 =0 n\(-1)*s™(-1); /1 rate const ino+enz->ecnpl x

I COVPETI Tl VE TRANSPORTER PARAMETERS

real Ttot = 7e-6 mmol /cm*2; // Transporter density on menbrane

real Kd%Adol no%% c% =1mv /1 Equilib Dissoc const

real kon%Adol no%% c% = 10 mvM(-1)*s”(-1); // Bind rate

real kof %Adol no%% c% = Kd%Adol no%4 c% kon%Adol no%4 c% /'l Dissoc rate

real S =1 cm2/g; /1 Surface area

real SoV% c% = S/ V% c% /1 Surface to volunme ratio

real kT% c%2%i % = 100 sec”(-1); /1l Flip rate

real kT¥Adol no%4 c92%i % = 100 sec”(-1);// Flip rate ;

/| DEPENDENT VARI ABLES

real % Ec9%t,x) nM /1l Concentration of % Ec%in Vc

real T%Adol no%6 c¥%{t, x) mol /cn2; /1 Transporter conpl ex

real T%c%t,x) mmol/cm2; /1 Free transporter

/1 I NITI AL CONDI TI ONS

when(t=t.mn) %_Ec% = %ic%

when(t=t.mn) T%Adol no%% c% = ZERCT,

when(t=t.mn) T%c% = Ttot/2;

/1 BOUNDARY CONDI TI ONS

[ YET %CL% noFl owBC (" C=% _Ec%)

[ Y%ET %CL% noFl owBC (" C=T%Adol no% % c%)

1 YGET %CL% noFl owBC (" C=T% c%')

/| PDE CALCULATI ONS

I YGET %PLYA2B. nod a2bCal c(" Al=Adop", " A2=Adoi ", " A3=Adoc", " Aout =Adoout ", " Ai n=Adoi n",
/1% "Bl=l nop", "B2=Inoi ", "B3=I noc", " Bout =l noCut ", " Bi n=I noi n",

11 % "Vi=vp", "V2=Vi", "V3=Vc",
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11 % " DA1=DpAdo", " DA2=Di Ado", " DA3=DcAdo",

/1% "DB1=Dpl no", "DB2=Di | no", " DB3=Dcl no",

/1% " PSA12=PSgAdo", " PSB12=PSgl no",

/1% " PSA23=PSpcAdo", " PSB23=PSpcl no",

/1% " Ga2b=Gado2i no")

[ Y%ET %CL% onOF f Menbr aneCal c( " ME%Adol no%% c% , "B=T% c% , " MB=T%Adol no%4% c% ,
/1% "kon=kon%Adol no%% c% , " kof =kof ¥%Adol no%4 c% , " SoV=SoV% c% )
[T YET %CL% f i pa2bCal c("a=T%Adol no% ", " b=T%Adol no%",

/1% "ka2b=kT%Adol no% 2c", "kb2a=kT%Adol no%2i ")
[ YCEET %CL% fli pa2bCal c("a=Ti", "b=Tc",

11 % "ka2b=kTi 2c", "kb2a=kTc2i ")

[ Y%ET %CL% enzyneCal c(" A=Adoc", "B=Il noc", "Enzyme=Enz",

11 % " Conpl ex=ECnpl x")

[ YCOLLECT( " %Adol no%ei % t")
[ YCOLLECT(" % _Ec%t")

[ | UCOLLECT(" T%\dol no%®6 c% t")
[ ACOLLECT("T% c% t")

/1 %4 NSERTEND adoZ2i noMbdel

/ | YENDREPLACE

/ | YENDREPLACE

| | YENDREPLACE

| | YENDREPLACE

! | YENDREPLACE

}
The output file from MPC: Ado2Ino.mod

/* SHORT DESCRI PTION: A nodified version of A2B with
rel abeling the two species for adenosi ne (Ado)
and inosine (Ino) in three regions (plasm (p),
interstitial fluid region (i) and parenchymal cell
(c) ) with addition of conpetitive transporter for
Ado and Ino on cell nenmbrane and enzyne conversion
of Ado to Ino.

*/

import nsrunit; unit conversion on;

mat h Ado2l no {

/| YSTART ado2i noMbdel

/1 | NDEPENDENT VARI ABLES

real Domain t s; t.mn=0; t.nmax=30; t.delta = 0.1;

real L =0.1 cm

real Ndivx = 31;

real Domain x cm; X.m n=0; x.max=L; x.ct = Ndivx;

/1 PARAMETERS

real Flow =1 m/(g*mn); /1l Flowrate
real PSgAdo = 3 m/(g*mn); /'l Exchg rate
real PSpcAdo =5 m/(g*mn); // Exchg rate
real PSglno = 3 m/(g*mn); /'l Exchg rate
real PSpclno =5 m/(g*mn); // Exchg rate

real Gado2ino = 10 m/(g*m n); /1 Conversion rate
real Vp = 0.05 nm/g; /1 Vol ume of Vp

real Vi = 0.15 nm/g; /1 Vol urme of Vi

real Vc = 0.60 nm/g; /1 Vol ume of Vc

real DpAdo = le-6 cm2/sec; /1 Diffusion coeff

real Di Ado = le-6 cm‘2/sec; /1 Diffusion coeff

real DcAdo = le-6 cm2/sec; /1 Diffusion coeff

real Dplno le-6 cmt2/sec; /1 Diffusion coeff
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real Dilno le-6 cmt2/ sec; /1 Diffusion coeff

real Dclno le-6 cmt2/sec; /1 Diffusion coeff

extern real Adoin(t) mv /1 Inflowing concentration
extern real Inoin(t) mv /1 Inflowing concentration
/| DEPENDENT VARI ABLES

real Adoout (t)
real Ilnoout(t)
real Adop(t, x)
real Adoi (t, x)
real Adoc(t, x)
real Inop(t,x)
real Inoi(t,x)
real lnoc(t, x)
/1 I NI TI AL CONDI TI ONS

when(t=t.mn) Adop=0;

when(t=t.mn) Adoi=0;

when(t=t.mn) Adoc=0;

when(t=t.mn) | nop=0;

when(t=t.mn) |noi=0;

when(t=t.mn) |noc=0;

/1 BOUNDARY CONDI Tl ONS

/1 Qutflow ng concentration
/1 Qutflow ng concentration
// Concentration
/1 Concentration
// Concentration
/'l Concentration
/'l Concentration
/'l Concentration

232333332

when (x=x.mn) (-Fl owL/Vp)*(Adop-Adoi n) +DpAdo* Adop: x = O;
when (x=x.max) { Adop:x = 0; Adoout = Adop;}
when (x=x.nmin) (-Fl owL/Vp)*(lnop-Inoin)+Dplno*lnop:x = 0;

when (x=x.max) { lnop:x = 0; lnoout = Inop;}

when(x=x.mn) Adoi : x=0;
when(x=x. max) Adoi : x=0;
when(x=x.m n) Adoc: x=0;
when(x=x. max) Adoc: x=0;
when(x=x.mn) | noi:x=0;
when(x=x. max) | noi : x=0;
when(x=x.mn) |noc:x=0;
when( x=x. max) | noc: x=0;

// ADDI TI ONAL PARAMETERS

private real ZEROT = 0 nmol/cn*2;// Renoves Initial Conditions from Paraneter List
private real ZEROM = 0 nM /'l Renoves Initial Conditions from Paramneter List

/1 ENZYME CONVERSI ON PARAMETERS

real Etot = 0.001 mM /'l Enzyme Concentration in cell
kf 1l = 10 mvr(-1)*s"(-1), /1 rate const ado+enz->ecnpl x
kbl = 10 s™(-1), /1 rate const ecnpl x->ado+enz
kf 2 = 10 sec”™(-1), /1 rate const ecnpl x->i no+enz
kb2 =0 nM(-1)*s™(-1); /1 rate const ino+enz->ecnpl x

/1 COVPETI Tl VE TRANSPORTER PARAMETERS

real Ttot = 7e-6 mol /cm*2; // Transporter density on nmenbrane

real KdAdoi =1 mM /1 Equilib D ssoc const

real KdAdoc = 1 mM /1 Equilib D ssoc const

real Kdlnoi =1 nM /1 Equilib Dissoc const

real Kdlnoc = 1 nM /1 Equilib Dissoc const

real konAdoi = 10 mMM(-1)*s"(-1); /1 Bind rate

real konAdoc = 10 mMM(-1)*s"(-1); /1 Bind rate

real konl noi = 10 mMM(-1)*s"(-1); /1 Bind rate

real konl noc = 10 mvr(-1)*s"(-1); /1 Bind rate

real kof Adoi = KdAdoi *konAdoi ; /1 Dissoc rate

real kof Adoc = KdAdoc*konAdoc; /1 Dissoc rate

real koflnoi = Kdl noi *konl noi ; /1 Dissoc rate

real koflnoc = Kdl noc*konl noc; /1 Dissoc rate

real S =1 cm2/g; /1 Surface area
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real SoVi = S/ Vi; /!l Surface to volune ratio
real SoVc = S/ Vc; /!l Surface to volune ratio
real kTi2c = 100 sec”(-1); /[l Flip rate
real kTc2i = 100 sec”(-1); /1l Flip rate

real kTAdoi 2c
real kTAdoc2i
real kTI noi 2c
real kTl noc2i

100 sec”(-1);// Flip rate ;
100 sec”(-1);// Flip rate ;
100 sec”(-1);// Flip rate ;
100 sec”(-1);// Flip rate ;

real Enz(t,x) mM /1 Concentration of Enz in Vc

real ECnpl x(t, x) nM /'l Concentration of ECplx in Vc
real TAdoi (t,x) mmol/cm2; /1 Transporter conplex
real TAdoc(t,x) nmmol/cm2; /1 Transporter conplex
real TlInoi(t,x) nmol/cm2; /1 Transporter conplex
real TlInoc(t,x) nmol/cm2; /1 Transporter conplex
real Ti(t,x) mml/cm2; /'l Free transporter

real Tc(t,x) mmol/cm2; /'l Free transporter
when(t=t.mn) Enz = Etot;

when(t=t.mn) ECnpl x = ZEROM

when(t=t.mn) TAdoi = ZERCT;

when(t=t.m n) TAdoc = ZERCT;

when(t=t.mn) TInoi = ZERCT;

when(t=t.mn) TIlnoc = ZERCT;

when(t=t.mn) Ti = Ttot/2;

when(t=t.mn) Tc = Ttot/?2;

when(x=x.m n) Enz: x=0;

when(x=x. max) Enz: x=0;
when(x=x.m n) ECnpl x: x=0;

when( x=x. max) ECnpl x: x=0;
when(x=x.mn) TAdoi : x=0;
when(x=x. max) TAdoi : x=0;
when(x=x.mn) TAdoc: x=0;
when(x=x. max) TAdoc: x=0;
when(x=x.mn) TInoi: x=0;
when( x=x. max) Tl noi : x=0;
when(x=x.mn) Tl noc: x=0;
when(x=x. max) Tl noc: x=0;

when(x=x.mn) Ti:x=0;

when(x=x. max) Ti:x=0;

when(x=x.mn) Tc:x=0;

when(x=x. max) Tc: x=0;

/| PDE CALCULATI ONS

Adop:t = -(Fl owsL/ Vp)*Adop: x

+ DpAdo* Adop: x: X
+PSgAdo/ Vp* ( Adoi - Adop) ;

Inop:t = -(Fl owL/Vp)*lnop:Xx

+ Dpl no*Il nop: x: X
+PSgl no/ Vp* (1 noi -1 nop) ;

Adoi :t = Di Ado* Adoi : x: X
+PSgAdo/ Vi * ( Adop- Adoi )
+PSpcAdo/ Vc* ( Adoc- Adoi )
+( - konAdoi *Adoi *Ti + kof Adoi * TAdoi ) *SoVi ;

Adoc:t = DcAdo*Adoc: x: X
+PSpcAdo/ Vc* ( Adoi - Adoc)
- Gado2i no/ Vc* Adoc
+( - konAdoc* Adoc* Tc + kof Adoc* TAdoc) * SoVc
- kf 1* Adoc*Enz + kb1*ECnpl x;

Inoi:t = Dilno*lnoi:x:X
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+PSgl no/ Vi * (1 nop- | noi )
+PSpcl no/ Vc* (1 noc- | noi )
+(-konl noi *I noi *Ti + kof | noi *TlInoi)*SoVi ;
Inoc:t = Dclno*lnoc: x: x
+PSpcl no/ Ve* (1 noi -1 noc)
+Gado2i no/ Vc* Adoc
+(-konl noc*l noc*Tc + kofl noc* Tl noc) *SoVc
+kf 2* ECnpl x - kb2*1 noc* Enz;
Ti:t = -konAdoi *Adoi *Ti + kof Adoi * TAdo
-konl noi *I noi *Ti + kof | noi *Tl no
- kTi2c*Ti + kTc2i *Tc;
TAdoi :t = konAdoi *Adoi *Ti - kof Adoi * TAdo
- kTAdoi 2c*TAdoi + kTAdoc2i * TAdoc;
Tc:t = -konAdoc*Adoc*Tc + kof Adoc* TAdoc
-konl noc*1 noc*Tc + kof | noc* Tl noc
+kTi 2¢c*Ti - kTc2i *Tc;
TAdoc:t = konAdoc*Adoc*Tc - kof Adoc* TAdoc
+kTAdoi 2c*TAdoi - kTAdoc2i * TAdoc;
Tlnoi:t = konlnoi*Inoi*Ti - koflnoi*Tlno
- kTInoi 2c*Tlnoi + kTl noc2i *Tl noc;
Tl noc:t = konlnoc*l noc*Tc - kofl noc*Tl noc
+kTI noi 2c*Tl noi - kTl noc2i *Tl noc;
= - (kf1*Adoc + kb2*Inoc)*Enz
+ (kb1 + kf2)*ECnpl x;
ECmpl x:t = (kf1*Adoc + kb2*I noc) *Enz
- (kb1 + kf2)*ECnpl x;
/| YEND ado2i noModel

Enz:t

}
[l This MM file generated from ../ PDF_EXAMPLES/ Ado2l no. npc usi ng MPC

Jsim produced Figure 2 while running the model for 30 seconds with Adoin(t) equal to the Longtail
function, Inoin(t)= 0, Ttot=7e-4 mmol/cm”2, Gado2ino=0, PspcAdo=0, and PspcIno=0.
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Figure 2: The outflow concentrations of adenosine( curve 2) and inosine (curve 3) are plotted with the
concentration of inosine at the right end of the cell (curve 4). Note that even though inosine is being
produced in the cell, it has a lower concentration than inosine in the outflow. This is caused by the
inflow of adenosine moving the competitive transporters to the cell side of the membrane.

Example 3: A heterogeneous multi-flow model

A heterogeneous multi-flow model representing an organ is constructed using ten copies of
Ado2Ino.mod with the multi-flow algorithm. A modification is made to Ado2Ino.mod, removing the
flow declaration because the flow declarations will be generated by the extended multi-flow code.
Variable names that will be subscripted, e.g., Adop (adenosine in the plasma becomes Adop1, Adop2, ...
Adop10). Additionally statistics on the summed outflow concentrations (area of curves, transit time,
etc.) have been added. The output file for example 3 is not shown because of its length.

Input file for MPC: MultiUserAdo2Ino.mpc

[ %ET Transit.nod curveStat Java()

import nsrunit; unit conversion on;

mat h mul ti Fl owAdo2l no {

/1 Y%ET ext endedMul ti Fl ow. nod nul ti Fl owCal c1(" PATHS=10")
| | YREPLACE Y% 9%=( " #1#10")

real User F9%m% = 0;
real User W %%m% = 0;
userF =

i f( abs(NP-%%% <0. 1) UserF%%"% el se
0;
userW =
i f( abs(NP-%% <0. 1) User W %% el se
0;
[ Y%ET extendedMul ti Fl ow. mod nul ti Fl owCal c2()
/| %ET CodelLi brary. nod pdeDomai ns()
real Fmean = 1 m/(g*mn);
real Fi(NP) m/(g*min);
Fi =Fmean*f ;
real Fi%m% m/(g*mn);
Fi %%Fi (%09 ;
[ 1 %ET NoFl owAdo2l no. nod ado2i novodel (" FI ow=Fi %% ,

/1% " Adoout =Adoout %0n% , "I noout =I noout ¥n% ,
/1% " Adop=Adop%n% , " Adoi =Adoi %% , "Adoc=Adoc%% ,
[1% "1 nop=lI nop%% , "Inoi=Inoi %%, "Inoc=lnoc%% ,

/1% " TAdoi =TAdoi %% , " TAdoc=TAdoc%n% ,
/1% " Tl noi =Tl noi %% , " Tl noc=Tl nocYm% ,
[1%"Ti =Ti % , "Tc=Tc%mn% ,

/1% "Enz=Enz%% , "ECnhpl x=ECpl x%"% )

[ | YREPLACE % %=(" Ado", "I no")

/| YCOLLECT (" % Y%p%m% t ")

/] COLLECT OUTFLOAS SUMVED BY VEI GHTS
real %% out Tot(t) nmM

real % %out wWn%t) mv

%K Yout wWn% = WK%out % w s( %N ;

% %out Tot = %K%out wWhn%
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[ YCOLLECT( " % Yout Tot ")
[1%ET Transit.nod transitCalc("Gn@=%% n@", " Cout @=%%out Tot @",

/1% 'ai =ai %K, "ti=ti %%, "Rdi =RD %% ,
/1% "a0=ao0%% , "t ao=t 0% % , " RDo=RDo%k % ,
/1% "tsys=t sys%&% , " RDsys=RDsys%&% )

!/ | YENDREPLACE
| | YENDREPLACE

}

Figure 3 is combined from two separate figures produced by JSim running MultiFlowAdo2Ino.mod. It
can be seen that the multi-flow model gives decreased maximum peak height and greater dispersion
than the single flow path model.
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Figure 3: The small embedded panel plots the normalized relative flow weights (*)f rom probability
density function (pdf) (dots) generated by the LagNormal pdf from the function generator with a mean
of 1 and relative dispersion of 0.4. The pdf covers relative flows from 0.2 to 2.0. For the ten path
model, the relative flows have been chosen to be equally spaced in the logarithm of relative flow. The
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two larger plots show the difference between the Ado2Ino model outflow concentrations (solid lines)
with the summed outflow concentrations from the MultiFlowAdo2Ino model (dashed lines).

Summary:

A limited set of directives allows us to build complex models using small models for simple
processes. Using the MPC, we have generated a full organ model with heterogeneity of flow and
competitive transporters on the cellular membrane surfaces for multiple species. MPC automatically
combines both ordinary and partial differential equations under the control of ten easily understood
directives to form new models. The amount of actual code a user needs to write is reduced, especially
for more complicated models. The Java code for MPC, the examples presented here, and the JSim

APPENDIX: ShortCodeLibrary input and output files

ShortCodeLibrary.mpc :

mat h Short CodelLi brary {
real version = 1.0;

A R BEG N CONSTRUCT MODULAR PROGRAM CONSTRUCTCR LI BRARY
/| YREPLACE %CL%-=(" . ./ SHORTCODELI B/ ")

N PDE DOVAI NS

/| 98 NSERTSTART pdeDonmai ns

// 1 NDEPENDENT VARI ABLES
[ Y%ET %CLY-| owDi f f usi on. nod pdeDonai ns()

/ 1 % NSERTEND pdeDonai ns
e BOUNDARY CONDI TI ONS
/| 98 NSERTSTART fl owBC

[ YET %CLY-1 owDi f f usi on. mod f 1 owBC()

/ 1 98 NSERTEND fl owBC

/ | % NSERTSTART noFl owBC

[ Y%6ET %CLYI f f usi on. nod noFl owBC()

[ 1 %9 NSERTEND noFl owBC

R R FLOW DI FF CALCULATI ON
/1 98 NSERTSTART flowDiffCalc

[ Y%ET %CLY-| owDi f fusion. nod fl owDi ffCal c()

/1 98 NSERTEND flowDiffCalc
e Dl FFUSI ON CALCULATI ON
/| 98 NSERTSTART di ffusionCal c

[ Y%ET %CLYDI f fusi on. nod di ffusionCal c()

/1 %4 NSERTEND di f fusi onCal c
e EXCHANGE CACULATI ONS
/1 98 NSERTSTART exchangeCal c

/1 Y%ET %CL%Exchange. nod exchangeCal c()

/1 98 NSERTEND exchangeCal c
e CONSUME CALCULATI ON
/1 98 NSERTSTART consuneCal c

[ Y%ET L% onsune. nod  consuneCal ¢c()

/1 98 NSERTEND consuneCal c
e REACTI ON A- >B

/1 %4 NSERTSTART reactionCal c

[ Y%ET %CL%React i on. nod reactionCal c()

/1 %4 NSERTEND reactionCal c
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e ON OFF MEMBRANE BI NDI NG SI TE

/1 %4 NSERTSTART onO f Menbr aneCal ¢

[ YEET YCLYONOE f Menbr ane. nod onCOF f Menbr aneCal c()

/1 98 NSERTEND onOF f Membr aneCal ¢

R R T R CONFORMATI ONAL CHANGE ( FLI P)
/ | % NSERTSTART flipa2bCalc

[ YET %CL%Conf or mat i onal Change. nod fli pa2bCal c()

/ | % NSERTEND flipa2bCalc

R R R R ENZYME CONVERSI ON

/1 %4 NSERTSTART enzyneCal c
[ Y%ET %CL%Enzyme. nod enzymeCal c()

/1 98 NSERTEND enzynmeCal c
| | YENDREPLACE
A R END CONSTRUCT MODULAR PROGRAM CONSTRUCTOR LI BRARY
}
ShortCodeLibrary.mod :

mat h Short CodelLi brary {
real version = 1.0;

R BEA N CONSTRUCT MODULAR PROGRAM CONSTRUCTOR LI BRARY
N PDE DOVAI NS
[ | YSTART pdeDonai ns

/1 | NDEPENDENT VARI ABLES

real Domain t s; t.mn=0; t.max=30; t.delta = 0.1;
real L =0.1 cm

real Ndivx = 31;

real Domain x cm; x.mn=0; X.max=L; x.ct = Ndivx;

/| YEND pdeDonmai ns
N R BOUNDARY CONDI TI ONS
| | YSTART fl owBC

when (x=x.nmin) (-FL/V)*(CGCGn)+D*C x = 0;
when (x=x.max) { Cx = 0; Cout = C}
!/ | YEND fl owBC

| | YSTART noFl owBC
when(x=x. mn) C: x=0;
when(x=x. max) C: x=0;

| | YEND noFl owBC
R FLOW DI FF CALCULATI ON
/| YSTART flowDi ffCalc
Ct = -(FFL/IV)*C X

+ DC X: X ;
| | Y&END flowDi ffCalc
I e DI FFUSI ON CALCULATI ON
| | YSTART di f fusi onCal ¢
Ct = DC Xx: X ;
| | Y&END di f fusi onCal ¢
P EXCHANGE CACULATI ONS
[ | YSTART exchangeCal c

Cl:it = PS/V1*(C2-Cl);
C2:t = PS/V2*(Cl-C2);

| | YEND exchangeCal c

R CONSUVE CALCULATI ON
! | YSTART consuneCal c

Ct = -(dV*C

[ | Y&END consuneCal c
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e REACTI ON A- >B

| | YSTART reactionCal c

At = -G VA

B:t = G VA

[ | YEND reactionCal c

N LR T R ON OFF MEMBRANE BI NDI NG SI TE
[ 1 YSTART onOf f Menbr aneCal ¢

Mt = (-kon*MB + kof *MB)*SoV,
B:t = -kon*MB + kof*MB ;
MB:t = kon*MB - kof*MB;

| | Y&END onO f Menbr aneCal ¢

R R CONFORMATI ONAL CHANGE ( FLI P)
/| YSTART flipa2bCalc

a:t = - ka2b*a + kb2a*b;

b:t = ka2b*a - kb2a*b;

[ | YEND flipa2bCalc

R R ENZYME CONVERSI ON

[ | YSTART enzyneCal ¢
At = -kf1*A*Enzynme + kbl*Conpl ex;
B:t = kf2*Conpl ex - kb2*B*Enzyne;
Enzyme:t = -(kf1*A + kb2*B)*Enzyme
+ (kb1 + kf2)*Conpl ex;
Conmpl ex:t = (kf1*A + kb2*B)*Enzyme
- (kbl + kf2)*Conpl ex;
| | YEND enzynmeCal ¢
R R END CONSTRUCT MODULAR PROGRAM CONSTRUCTOR LI BRARY

}
/1 This MM file generated from ../ SHORTCODELI B/ Short CodelLi brary. npc usi ng MPC.

References:
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