Tutorial on the SBPOP Package

Efficient Support for Model Based Drug Development:
From Mechanistic Models to Complex Trial Simulation

Henning Schmidt

Tutorial henning.schmidt@novartis.com




Tutorial Outline

General introduction to the SBPOP Package

Model definition and simulation
ODE based models
Biochemical reaction equation based models
Import and export of models (SBML, etc.)
High performance computation via MEX simulation functions
Simple simulation and analysis of models
Commenting of models
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Tutorial Outline

Systems Biology relevant topics H Slide;';i;h"‘~~-
- ! COIOI' hl ~~~~
Model analysis H B,-ologare elate dl: kg”°un2f7
Steady-state analysis and stability ~~~~.“:'~e’9Vant Systems /
Moiety conservations and reduction ‘~~-_2Plcs ,'
Parameter sensitivity analysis (steady-state & oscillating systems, MCA, Ioc"a'l'&--_,'

global)
Localization of complex behaviors

Definition of experiments and measurement data
Excel and CSV measurement representation
Experiment descriptions and merging with models
Import and export measurements and experiments

Projects, parameter estimation, model reduction
Projects
Parameter estimation / manual tuning / parameter fit analysis / parameter
identifiability analysis
Model reduction
Simulation of projects
Commenting of projects

henning.schmidt@novartis.com



Tutorial Outline

Pharmacometrics / Systems Pharmacology relevant topics

Model and dosing description
Needed changes in SBmodels to allow for simulation of dosing scenarios
Simulation of dosing scenarios
Datasets
Import, export, conversion
Analysis (plotting capabilities)

Interface to Monolix "_;e:“—;\‘
—”— S
PopPK/PD workflow === 3ot of SY° cs )
ini : = - \'\—“depe“ \,a“‘- "Op—"
Clinical trial simulations \ y re\e -~
More complex modeling \-—"
PBPK

Antibody modeling
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Tutorial Info

In large parts you will have the opportunity to get hands-on-experience

>> installSBPOPpackage

Commands shown in these boxes should be entered on the MATLAB
command line, during the tutorial

**k*kk*kkx*kx* MODEIL NAME
Simple model
*kx*kk*kx***x MODEL STATES
d/dt (A) = -R
d/dt (B) = R
A(0) =1
B(0) = 0
*k %%k k k% **x*% MODEL PARAMETERS
Text shown in these boxes should k1 = 0.5
be entered where appropriate  *****x**** MODEL REACTIONS

(will become clear later) R = k1*A
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Tutorial Goal: ,,You should be able to"

= Systems Biology relevant topics
m Set up your own parameter estimation project
» Model description
= Measurement data
» Experiment descriptions
» Perform parameter estimation, identifiability analysis, etc.
= Analyze the resulting model

= Pharmacometrics / Systems Pharmacology relevant topics

» Define arbitrary ODE based traditional and/or mechanistic, PK, PKPD,
PBPK models

» Perform
» NLME estimation of parameters
» Clinical trial simulations
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Tutorial Outline

» General introduction to the SBPOP Package
m Model definition and simulation

m Systems Biology relevant topics

= Pharmacometrics / Systems Pharmacology relevant topics
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Introduction to the "SBPOP Package”

The SBPOP Package is open source and published under a GNU General
Public License

The SBPOP Package consists of 3 parts

Each part builds on the functionality provided by the packages below
The whole is based on MATLAB (www.mathworks.com)

Functionality for population PKPD modeling, general clinical
simulations, trial simulations, dosing schedules, antibody modeling,
interfaces to nonlinear mixed effects modeling tools (Monolix)

Project representation, high speed simulation of
SBTOOLBOX2 models (30-150 times faster than MATLAB
integration), parameter estimation and associated tools.

Model, experiment, measurement representation,
simulation, basic analysis functions, optimization,
signal processing, statistical functions, etc.

. Futorial
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http://www.mathworks.com/

Modular Design of the SBPOP Package

Monolix

SBPOPdosing

SB POP (population PKPD, trial simulation, ...)

C/C++/Fortran

SBPD SBTOOLBOXZ Compiler

GUI Functions

(Model editing, visualization, etc.) Optimization

(parameter Algorithms

determination : Powerful
functionality) Functions Solvers

(Analysis, Simulation, etc.)
Signal Processing

functions

Low-Level Functions Statistical
(creating, converting objects) functions

S3AOAD
STIVIANNS

SBPDproject SBmodel / SBmeasurement/SBexperiment

ODE FILE
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Requirements

MATLAB R2010a (or later)
Model reduction methods require the Symbolic Toolbox
The "pharmacometrics” part requires the Statistics Toolbox

Optional 3rd party software
Monolix Version 4.2.1 (or later) (http://www.lixoft.org)

SSm Global Optimization Toolbox
(http://www.iim.csic.es/~gingproc/ssmGO.html)

SBML Toolbox (for SBML import and export)
Only needed for Unix/Linux/Mac
For Windows it is included in the distribution of the SBPOP Package
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Where to get the SBPOP Package from?

Novartis Version

The SBPOP Package is available on Subversion in the following repository

http://chbslx0132.eu.novartis.net/svn/SBPOP/trunk/SBPOP PACKAGE

You can download it to MODESIM by the following command

svn export “http://chbslx0132.eu.novartis.net/svn/SBPOP/trunk/SBPOP PACKAGE”

If you only want to try out SBPOP, please create a "TOOLS” folder in your
MODESIM home folder and run the above command from within this
“TOOLS” folder

If you want to use SBPOP on a clinical project, please run the above
command from within the GPSII location where you are working

After export of SBPOP please rename the "SBPOP PACKAGE" folder to
"SBPOP_Rev_XYZ"”, where “"XYZ" is the revision nhumber that is shown
after you have run the above command

This helps to keep track of what revision of SBPOP you are using
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Where to get the SBPOP Package from?

General Version

= The SBPOP Package should have been provided to you prior to this
tutorial as a zip file "SBPOP_PACKAGE.zip”

» Unzip the file to a location of your choice
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How to Install the SBPOP Package?

= Start MATLAB
» Change into the "SBPOP PACKAGE" folder

» Execute the “installSBPOPpackagelnitial.m” script
» You only need to do this ONCE

» If your computer system does not allow MATLAB path settings to be
stored then, each time you start MATLAB, you need to execute the
“installISBPOPpackage.m” script to add SBPOP to the MATLAB path

» In this case you might want consider the use of a “startup.m” script

13 | Henning Schmidt | The SBPOP Package
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Installation of optional 3rd party software

= Monolix: Please have a look at www.lixoft.org

% Add Monolix to the MATLAB path
cd('/CHBS/apps/Monolix/latest/Matlab/matlab’)

addpath (genpath (pwd) ) ;
run_init();

= SBML Toolbox, SSm Toolbox: Please follow the download and
installation instructions on www.sbtoolbox2.org

SBPOP Pg ge Futorial 7 henning.schmidt@novartis.com



Toolbox’ Documentation

MATLAB style help

Documentation of SBTOOLBOX2 and
SBPD can be found on the webpage
www.sbtoolbox?2.org

Detailed documentation of all functions

Examples to almost all functions

>> help SBTOOLBOX2
>> help SBPD
>> help SBPOP

>> help SBsimulate
>> help SBPDsimulate
>> help SBPOPcreateMONOLIXproject

& Systems Biology Toolbox 2 for MATLAB - Mozilla Firefox - ] m

fle Edt Wiew Higory Bookmarks Tooks  Help

@ P CG|o ==

ook ED)

=] soodle

&)

(D) wetter Rostock Meckl... | ) J0BS [ ) PRIVATE [ Wirsless Network Log... [ ) SBT2 [ STATS | ) MEWS T4 LEG DeutschvEnglisch... [ | Index of f

sbtoolbox2 &

Version 2.0

Documentation SBT2

User’s Reference

Model Syntax  Models are deseribed using an intuitive, user-friendly and powerful text based syntax,
allowing the definition of ordinary differential equations, chemical reaction equations,
otc. additianally it is possible to define differential equations, initial conditions, variables,
and reastions using a vectorized syntax. Learn more here!

Model Models are represented in 2 different ways in the toolbox, leaving the user considerable
Representation freedom and ensuring easy reuse of already available MATLAB models. This section
explains the internal storage farmat of SBmodels,

Experiment  Insilica experiments are described using an intuitive, user-friendly and ouite powerful
Syntax text based syntax. Learn mare here!
Experiment  The toolbox allows the representation of experiments and the merging with models. This

Representation section explains the internal storage format of SBexperiments
Upcoming
workshops

Measurement  The toolbox can handle measurement data, stored in comma-separated-value (C54) and
Svntax Excel (XL8) files, In both cases a certain syntax of the data in these files is required.
Learn more here!

Measurement  The toolbox allows handling and use of measurement data. This section explains the
Representation internal storage format of SBmeasurements.

Installation of Toolbox

v
Done. Tor Disatied | @) @B St
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Tutorial Outline

m General introduction to the SBPOP Package

= Model definition and simulation
» ODE based models
» Biochemical reaction equation based models
Import and export of models
High performance computation via MEX simulation functions
Simple simulation and analysis of models
Commenting of models

m Systems Biology relevant topics

= Pharmacometrics / Systems Pharmacology relevant topics
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m ODE based models

SBmodel

Futorial




A First Model

» Creating a first model

A—R—>B R = k1*A
A(0)=1,B(0)=0 k1=0.5
>> model = SBmodel () % creating empty model
>> model = SBedit (model) % editing the model
>> model = SBedit () %

starting the editor with an empty model
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SBedit

H Complete
Graphical User _ | _ . |
The editor shows a view of the complete model. You can edit the model using this view or the other views (Mame, Motes,

Inte rfa Ce a I IOWl ng to Nome States, etc.). Maore information about the syntax of the model description can be found in the help text for the different
H Motes WIEWS,
edit models

& sBedit =]
Complete Model View

HTML Notes IMPORTAMT: Do not change the limiters (e.g., " MODEL PARAMETERS" between the diferent paris of the

e model. The arder of the different parts IS important and should not be changed.

Click on the
"Ed|t MOdeIH buttons Variables

Reactions MODEL NAME (o]
Each view provides MOBEL HOTES
a help text about the A MODEL STATES

|
w0 m
=3 =
= =
o
g =
= =
o o
E .
’ |

model syntax

MODEL PARAMETERS

(5]
=1

Simulate

MWMODEL WARIABLES

The limiters are
important - do not
Change them Steady-state

MWMODEL REACTIONS

MWMODEL FUNCTIONS

— MODEL EVENTS

MODEL MATLAE FUMCTIONS

Export SBmocdel

Export Text

m
3
o
=}
=
Q
()
m
]
o

Export SBML

Exit
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Simple ODE Model (States, Parameters,
Reactions)

= Enter the following information (keep all non-used limiters)

*kkkxkkkk*x*x MODEL NAME

Simple model A-R=>B
xFxFAFHFxAxAX MODEL STATES

d/dt (A) = -R v
d/dt(B) = R PO=0
A(O) =1

e k1=0.5
kkkxKkkx**% MODEL PARAMETERS

kl = 0.5 R= KA
xFxFxFxFxAxHA*x MODEL REACTIONS

R = k1*A

Click "Simulate”
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Simulate Simple Model

m SBplot
Graphical User Interface
for the display of time series
type of data

» Play around with the features
of the plotting window

BPOP Pz ' Futorial

Bl sBplot

Select axis variahles
— K-Aus '
A (stat
o
— R {reaction}
— A
& (state) A
Bstate) .,
Tilreaction)
v
— Plot Format
() plat
() semilogy
() semioay
) lnglog
— Export Figure
12 14 16 18 20
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Model Functions

Model functions can be used to define often recurring calculations

Xk kkkxkk*x*x* MODEL STATES A—-R—> B
d/dt (A) = -R

d/dt (B) = R A(0)=1
A(0) = 1 B(0)=0
B(0) = 0

XKk Kk Kk k) Kk *k*k*%k MODEL PARAMETERS kl = 0.5
k1 = 0.5

Kk kKK XXX*x%x MODEI, REACTIONS R = k1*f(A)
R = k1*£(A)

*% %% %% %*** MODEL FUNCTIONS f(x) = x"3
f(x) = x*3

Click "Simulate”
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Model Events

Model events can be used to define discrete state events

x*xFxFxFxxxKkxx MODEL STATES
d/dt (A) = -R

d/dt (B) = R

A(O) =1

B(0) =0

x*xFxFxxxxkxx MODEL PARAMETERS
kl = 0.5

xxFxFxFxxxKkx*x MODEL REACTIONS
R = k1*f (A7)

xxFxFkFxxKxKkxx MODEL FUNCTIONS
f(x) = x73

*kkkkkxk*k*x*x MODEL EVENTS
event = 1t(A,0.3), A, 1, B, O

If A becomes less than 0.3 thenresetAtoland B to 0

Click "Simulate”
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Model Variables

Simulation of these two models gives exactly the same results

*kkkxkkkk*x*x MODEL NAME
Simple model

KA xkxxxxkx MODEL STATES
d/dt (A) = -R

d/dt (B) = R

A(0) =1

B(0O) =0

kA dkxxxkkx MODEL PARAMETERS
k1 = 0.5

*¥kxkkkk*k*xx*x MODEL REACTIONS
R = k1*A

. Futorial

*kkkxkkkkkkx*x*x MODEL NAME
Simple model

*k*xk*x*kk*x**x MODEL STATES
d/dt (A) = -R

d/dt (B) = R

A(0) =1

B(O) =0

FEkFxkkxxxkxk MODEL PARAMETERS
k1l = 0.5

*kxkkkkk*xx*x MODEL VARIABLES
R = k1l*A

So what is the difference?
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Model Reactions vs. Model Variables

m Reaction rates should be defined under MODEL REACTIONS

» Variables for intermediate calculations (or for monitoring) should be
defined under MODEL VARIABLES

= The only cases where it matters for the toolbox is when

» Determining the stoichiometric matrix
= Exporting the model to SBML
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Command Line Simulation

m Clicking "Exit” in the SBedit GUI returns the model to the workspace

>> model = SBedit ()
SBmodel

Name: Simple Model
Number States:
Number Variables:
Number Parameters:
Number Reactions:

Number Functions:

N S e I

Number Events:

>> SBsimulate (model, 50) % simulation over 50 time units
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Command Line Simulation, continued

>> output = SBsimulate (model, 50)

output =
time: [50x1
states: {'A'
statevalues: [50x2
variables: {}
variablevalues: []
reactions: {'R'}
reactionvalues: [50x1

>> help SBsimulate

double]
IBI}
double]

double]

BPOP Pz " Futorial
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» Array specification of TEXT SBmodels
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Array specification of TEXT SBmodels

» Consider a system that can be described by the following set of
differential equations:

d/dt x[n] = kon*x[1]*Xx[n-1] + koff*x[n+1] - (kon*x[1]+koff)*x[n], n=1...N

= Example:

= Model for the length distribution of actin filaments, Edelstein-Keshet,
Mathematical Biology, 1998

m If Nis large it is very messy to type all these differential equations in by
hand. Here, the array type model specification of SBmodels helps in
setting up such equations
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Array specification of TEXT SBmodels

Example

Fokxkxkkxk MODEL STATES

d/dt(x<n,0>) =0

d/dt(x<n,1:N>)= kon<n>*x<1>*(x<n-1>) + koff*x<n+1> - (kon*x<1>+koff)*x<n> + R<n>
d/dt(x<n,N+1>) =0

x<n,[1:2, 4:N]>(0) = n*N
x<n,3>(0) = 100
x<n,N+1>(0) =0

kAR xAkkx* MODEL PARAMETERS

N =10
koff = 2
kon = 0.01

FrAkARAR*x* MODEL VARIABLES
kon<k,1:N> = kon*sqrt(k)

SUMEXAMPLE1 = 5 + arraysumSB(n”2/(x<n,1:N> + n/N))+ 56
SUMEXAMPLE2 = arraysumSB(x<n,1:N>)

SUMEXAMPLE3 = arraysumSB(x<n,[1,3,5]>)

SUMEXAMPLE4 = arraysumSB(x<n,[1:2:N-1]>)

FrAkAk ARk MODEL REACTIONS
R<n,1:N> = koff*x<n+1> - kon<n>*x<n>*N*n

Simple to use format

ODEs, variables, and
reactions can be
defined by arrays

Negative indices
possible

arraysumsSB is a
powerful and general
construct to determine
sums etc. over desired
array elements

During import of such
a model the array
notation is expanded

™' Tutorial
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Array specification of TEXT SBmodels
Example

The expansion of the array notation is best understood by running an
example (change into the ,Example Files" folder):

>> edit array.txt % opens the model file as seen in the previous slide
>> model = SBmodel ('array.txt') % import the model
>> SBedit (model) % look at the model and compare to array.txt

Now change ,N" in the array.txt file to N=100 and save the file

>> edit array.txt % opens the model file as seen in the previous slide
>> model = SBmodel ('array.txt') % 1mport the model
>> SBedit (model) % look at the model and compare to array.txt

You see the difference?
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Array specification of TEXT SBmodels
Example

» Array-type notation and standard ODE specification can be combined

» More information about the array notation can be found in the
array notation explained.txt model in the ,Example Files" folder
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» Biochemical reaction equation based models

SBmodel
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Modeling Using BioChemical Reaction
Equations

>> model = SBeditBC ()

B sBedit =JoEd

| SBeditBC — Edit Modsl
Graphical User Interface
a I IOWI n g to ed It m Od e I S . ftes [MPORTANT: Do not change the limiters (e.g., " MODEL PARAMETERS") hetween the different parts of the model. The
b a Sed O n rea Ct I O n e q u a tl O n S HTML Motes arder of the different pans 1S important and should not be changed

State Information

Complete Model View

The editor shows a view of the complete model. You can edit the model using this view or the ather views (Mame, MNotes, States,
ete.). Mare infarmation about the syntax of the model description can be found in the help text for the different views

Parameters

“ariables

w Click on the
"Edit Model” buttons

Ewents

IMODEL NAME *~

MODEL NOTES

BN

MATLAE Fon

= Each view provides

MODEL STATE INFORMATION

a help text about the
model syntax
w The limiters are

MODEL EVENTS

important — do not
change them

Export Text

MODEL MATLABR FUNCTIONS

Export SEML

1l

Exit
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Simple Model Again ...

Enter the following information (keep all non used limiters)

*xkAkAxkk4 A+ MODEL NAME A_R_> B
Simple model A(0) = 1

¥*XxXx*xxxx*x*x MODEL STATE INFORMATION B(0) = 0

A(0) =1

B(0) =0

*1*1****** MODEL PARAMETERS k1=05

kl = 0.5 R = k1*A

*kkkk*kkxk*x* MODEL REACTIONS
A=>B : R
vE = kl1*A

Click "Simulate”
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More Complex Model

xHxFxKxFExAxHx MODEL STATE INFORMATION

B(0) =1
*xFxxxkxxkx MODEL PARAMETERS
kl = 0.5

FxrxxxKkkkkk MODEL REACTIONS
A+B => 2*C : Rl
vi = k1*A*B
B <=> A+D : R2
vE = 5.1*B
vr = 3*A*D
2*A => A2 : R3
vE = 2.7*A"2

ﬂ 'l'utorial

= Click "Simulate”

= Click "Exit”

>> model = SBedit (model)

=> |Interchangeable formats
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» Import/Export of models

= Textual description
= SBML
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Export a Model to the Textual Descriptions

>> SBedit (model) % the variable “model” contains a model from the previous work

To export a model to the ODE / Biochemical textual description using
SBedit or SBeditBC click "Export Text” / "Export TextBC”

Choose a file name — here: textmodel.txt / textmodel.txtbc

ODE textmodel files are required to have the extension . txt

Biochemical textmodel files are required to have the extension . txtbc
Click "Exit”

Export by command line commands
>> SBcreateTEXTfile (model, 'textmodel') % saves model as “textmodel. txt”

>> SBcreateTEXTBCfile (model, 'textmodel') % saves model as “textmodel. txtbc”
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Import a Textual Description to an
SBmodel

Open the TEXT(BC) model file with the MATLAB editor to see its syntax

>> edit textmodel. txt

>> edit textmodel. txtbc

To import the TEXT(BC) model and convert it to an SBmodel write

>> model = SBmodel ('textmodel.txt') % the SBmodel command loads a model in txt

>> model = SBmodel ('textmodel. txtbc') % and in txtbc format. The extensions are important!
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SML

Import of SBML Models

SBML Level 1 and 2 models can be imported
The SBML Toolbox needs to be present

Change into the "Example Files” folder

>> model = SBmodel ('CellCycle.xml') % SBmodel additionally also import SBML models
SBmodel

Name: CellCycle

Number States: 13
Number Variables: 2
Number Parameters: 41
Number Reactions: 23
Number Functions: 0

>> SBedit (model)

\d

Increase simulatin time to 400 and click “Simulate”
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Import of SBML Models
Import of Incompletely Defined SBML Models

Per default the SBTOOLBOX2 requires an SBML model to be completely
defined before it is correctly imported

To allow the user to import incompletely defined models the following
optional call to SBmodel exists:

% File located in the “Example Files” folder
>> model = SBmodel ('SBMLfileIncomplete.xml', K1) ;
>> SBedit (model)

SBmodel then does not require that an SBML model is fully defined in terms
of parameter values, rate equations, kinetic parameters, etc.

However, when trying to ,Exit" SBedit or SBeditBC model correctness is
checked. To still exit on Windows click the red cross in the upper right corner
of the window. On Unix/Linux/Mac also click the corresponding symbol ...

ﬂ Tutorial
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Import of SBML Models
Name to ID Conversion

'Name' to 'id' conversion

E.g.: Not all models in Biomodels.net have informative IDs, and CellDesigner
chooses the ids of certain elements (e.g., species and reactions)
automatically and the user only can choose names that need not be unique

FokdkxckKkkk MODEL REACTIONS

reaction_0000001 = compartment_0000002 * (parameter_0000027 * parameter_0000021 +
parameter_0000031)

reaction_0000002 = compartment_0000001 * (parameter_0000028 * parameter_0000020 +
parameter_0000032)

reaction_0000003 = compartment_0000001 * delay(parameter_0000029 * parameter_0000022 +
parameter_0000034, parameter_0000039)

reaction_0000004 = compartment_0000001 * (parameter_0000030 * (Eower(species_OOOOOOQ, 2)/
époweréspecies_OOOOOOg, 23 + poweréparameter_OOOOOlO, 233; (power(parameter_0000008, 2) /
power(species_0000007, 2) + power(parameter_0000008, 2))) + parameter_0000033)

In the SBT the ids are used as names for states, variables, etc. (since they
are unique)

=> an optional call to SBmodel (see box below) allows to use the SBML
names instead of the IDs, but making them unique by numerical extensions

Only for Level 2 SBML models

>> model = SBmodel ('SBMLfileIncomplete.xml',1l); % YES, it is the same flag as on the page before!
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Export of SBML Models

Export only to SBML Level 2

SBmodels do not necessarily contain all needed information for export
Additional information is required

>> help SBexportSBML % for more information on the additional information

Location of additional information (in SBmodel internal data structure)

states.type algebraic.type
states.compartment algebraic.compartment
states.unittype algebraic.unittype
parameters.type variables.type

parameters.compartment variables.compartment

parameters.unittype variables.unittype
* type: 'isSpecie’ 'isParameter’ 'isCompartment’
*.compartment: compartment - outside compartment
*.unittype: ‘amount’ or
‘concentration’ - -
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Export of SBML Models
Additional Information in the TEXT Description

Additional information can fixken e n MODET, NAME
. example
be added in the text / textbc
* ok kkkkkkkk MODEL NOTES
format
AR A el MODIRL STATES
>> help SBedit d/dt (s1) = -rel {isSpecie:cytosol:amount} % comment
. d/dt (s2) = +rel {isSpecie:cytosol:amount}
e help SBeditBC d/dt (s3) = -re2+re4 {isSpecie:cytosol:amount}
d/dt (s4) = +re2-reb5 {isSpecie:cytosol:amount}
d/dt (s5) = (-re3)/nucleus {isSpecie:nucleus:concentration}
d/dt (s6) = +re3 {isSpecie:nucleus:amount}
sl(0) =1

After SBML import the L paotnn TEMATETERS

= 1 {isParameter} % comment
s8 = 1 {isParameter}

additional information is cytosol = 1 {isCompartment:}
nucleus
already present

0.1 {isCompartment:cytosol}

Frxkkxkkxx MODEL VARIABLES

Frxkkxkkxx MODEL REACTIONS

rel = 3 * s1 - 2 * s2 {reversible} $ comment
re2 = s3

re3 = s4 * (s5 - s6) {reversible}

red =1

re5 = s4
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Export of SBML Models
Automatic Determination of Additional Information

Even if no additional information is given, the toolbox is under certain
conditions able to determine the correct information.

novaktysonl.txt novaktyson2.txt

d/dt (Cyclin) = R1-R2-R3 d/dt (Cyclin) = (R1-R2-R3)/compartment
d/dt (YT) = R4-R5-R6-R7+R8+R3 d/dt (YT) = (R4-R5-R6-R7+R8+R3)/compartment
d/dt (PYT) = R5-R8-R9-R10+R11 d/dt (PYT) = (R5-R8-R9-R10+R11)/compartment
d/dt (PYTP) = R12-R11-R13-R14+R9 d/dt (PYTP) = (R12-R11-R13-R14+R9)/compartment
d/dt (MPF) = R6-R4-R12-R15+R13 d/dt (MPF) = (R6-R4-R12-R15+R13)/compartment
d/dt (Cdc25P) = R16 d/dt (Cdc25P) = (R16)/compartment
d/dt (WeelP) = R17 d/dt (WeelP) = (R17)/compartment
d/dt (IEP) = R18 d/dt (IEP) = (R18)/compartment
d/dt (APCstar) = R19 d/dt (APCstar) = (R19)/compartment

=> Species in Amount units => Species in Concentration units

Remember: SBML assumes reaction rates defined in amount/time

Here it is important that the elements on the RHS are defined under the
+MODEL Reactions" header
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Export of SBML Models
Automatic Determination of Additional Information

Example

o°

>> model = SBmodel ('novaktysonl.txt') file located in ”"example files” folder

>> SBexportSBML (model) % choose sbmlmodell as name for the file

>> model = SBmodel ('novaktyson2.txt’) % file located in "example files” folder
>> SBexportSBML (model) % choose sbmlmodel2 as name for the file

Have a look at both files (novaktysonl.txt and ...2.txt)

Have a look at the exported SBML files
=> species, reactions, compartments and unittypes are correctly determined

This does not work for all possible model definitions, and thus the
manually added information will override the automatically generated
one
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= High performance computation via MEX
simulation functions
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MEX Simulation Functions — Why?

= Parameter estimation and clinical trial simulations require many
repeated simulations

=> Simulation speed matters a lot

» Benchmark (MEX simulation functions vs. ODE15s)

Model 1 Model 2 Model 3
Model Mowvak Tyson cell- Full-scale model of Maodel 14 from the
description cycle maodel glycalysis in yeast Biomodels.net database
End time
(TEND) 1000 =11 300
MNumber
simulation 1000 200 300
points
(NRPOINTS)
BUIEEE WD | ga.p 3448 743
ODE15S [ms]
Average time o4 69 o4

SBPD [ms]

Speedup by
SBPD Slx
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MEX Simulation Functions

= What are MEX Simulation Functions?

SBmodel | Converted to C-code ]

h 4 Simulator library
C-code model
Object code model MEX interface

Executgble\MB(\i Staticly linked ]
simulation model

Executable MEX Simulation Function
that simulates the model for given
parameters, initial conditions, and options

[Standard SBmodel

' Sundials | - :
' CVODES | | <! Simulator library ]

______________

[Compiled &
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MEX Simulation Functions - Generation

A simple example (change into the ,Example Files™ folder)

>> model = SBmodel (‘'novaktysonl. txt') % load a model
>> SBPDmakeMEXmodel (model) % create a MEX simulation function

Simulation of a MEX model

>> simdataMEX = NovakTysonModel ([0:1:400])
>> simdata = SBsimulate (model,[0:1:400])

The results of both simulations are identical

C-Conversion only (no compilation) => WYSIWYC

>> SBPDmakeMEXmodel (model, 'MEXmodel',1l) % convert to MEXmodel.c and MEXmodel.h
>> edit MEXmodel.c % look at the created files

>> edit MEXmodel.h

>> SBPDmakeMEXmodel (model, 'MEXmodel') % Same but with compilation!
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MEX Simulation Functions - Syntax

= How a MEX simulation function can be called

output
output
output

output

MEXmodel ()
MEXmodel ('states')
MEXmodel ('parameters')

MEXmodel ('parametervalues')

» With prior definition of timevector, initialconditions, etc.:

output
output
output

output

MEXmodel (timevector)
MEXmodel (timevector, initialconditions)

MEXmodel (timevector, initialconditions, parametervector)

MEXmodel (timevector, initialconditions, parametervector, options)

.l Futorial
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MEX Simulation Functions - Syntax

= Options for MEX model simulation (more available, see help text)

options.abstol: Absolute tolerance (default: le-6)

options.reltol: Relative tolerance (default: le-6)

options.minstep: Minimal integrator step size (default: 0)

options.maxstep: Maximal integrator step size (default: inf)

options.maxnumsteps: Maximal number of steps between two output points (default: 500)
options.xdotcalc: =0: do integration (default), =1: return RHS of ODEs for

given state and parameter values. Time information

is neglected and it is assumed that time=0.

= More information on www.sbtoolbox2.org or:

>> help SBPDmakeMEXmodel
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Limitations of MEX Simulation Functions

The MEX models can not handle
SBML Algebraic rules
The fast reaction flag included in SBML

Delays and delayed events can be handled, but the simulation
performance becomes VERY poor ... In this case the standard MATLAB
simulation is faster

C compatibility necessary (no MATLAB functions can be used that do not
exist in C)
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» Simple Simulation
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Deterministic Simulation

m Serves also as example for using the Cell-Mode

» Change into the ,Example Files" folder

>> edit simpleSimulation

1. Read the documentation in the opened file
2. Execute the cells sequentially by pressing ,,Ctrl+Enter"
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Stochastic Simulation

Serves also as example for using the Cell-Mode

Change into the ,Example Files" folder

>> edit stochasticSimulation

Read the documentation in the opened file
Execute the cells sequentially by pressing ,Ctrl+Enter"
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» Commenting of models
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WHY COMMENTS AND DOCUMENTATION?

= Models without comments and
documentation are even less useful than
software without documentation
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Commenting a Model

» The more complex a model the better it is if there are comments
included

= The SBmodels allow 3 types of comments
= Information in the ,MODEL Notes"
» Optional comment on each state, variable, parameter, etc.
» Furthermore, .txt and .txtbc files allow to use whole lines for commenting if
prefixed with the ,%" character.

x*xrxKxKxFFEFEA*x MODEL REACTIONS
% This is just a comment about
% the following reaction:
A+B => 2*C : Rl % comment
vf = k1*A*B

» Example:
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Commenting a Model
Example

*kkkkk*k*x*x*x%x MODEL NOTES
Unified phototransduction model from Hamer et al., Visual Neuroscience 22, 417-436
This model here uses only 6 phosphorylation states

*kkkkkkk*k* MODEL STATE INFORMATION
% ODEs for the "back-end" model
d/dt(g) = alfamax/ (l+power((c/Kc),m)) - (betadark + betasub*PDE_a) *g

% Initial Conditions
R(0) = 3.6e9 % (#) Rhodopsin unactivated (same value as parameter Rtot)
PDE (0) = 2.67e7 % (#) PDE (same value as parameter PDEtot)

**kkkkk*k*kx* MODEL PARAMETERS
% Total concentrations or numbers
Rtot = 3.6e9 % (#) total amount of Rhodopsin (same value as initial condition for R)

% R_n bound to RK pre=>post
kRK3 ATP = 400 % here it is already multiplied by ATP, see paper Xyz

% Unbinding of R n and RK
kRK4 = 20 % value measured in paper WXY

**k*kkk*k***k*x MODEL REACTIONS
% Inactivation Pathways
%
% R n (activated Rhodopsin n-times phosphorylated) binding to RK
% RK is in number of molecules not in concentration. (Different to paper but
% taken into account by having scaled kRK1 n with RK in numbers.
R 0O+ RK <=>R 0 RK pre : v_Ala 0 % Comment about reaction

vE = kRK1 0 * RK * R 0

vr = kRK2 * R 0_RK pre
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Commenting a Model

» Using MATLAB syntax highlighting comments are displayed in a
different color

» Comments make the model more readable
= Modeling process, assumptions, references, etc. well documented

= Important:

= Note that during import of a .txt or .txtbc model the comments shown in
blue (lines) are removed from the model

= However, when working directly on .txt and .txtbc models using the MATLAB
editor the comments stay
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Commenting a Model
Using Named Kinetic Rate Laws

kin_allosteric_inihib_empirical_rev

kin_allosteric_inihib_mwc_irr
kin_catalytic_activation_.irr
kin_catalytic_activation_rev
kin_comp_inihib_irr
kin_comp_inihib_rev
kin_constantflux
kin_degradation
kin_hill_1_modifier_rev
kin_hill_2_modifiers_rev
kin_hill_cooperativity_irr
kin_hill_rev
kin_hyperbolic_modifier_irr
kin_hyperbolic_modifier_rev
kin_iso_uni_uni_rev
kin_mass_action_irr
kin_mass_action_rev
kin_michaelis_menten_irr
kin_michaelis_menten_rev
kin_mixed_activation_irr
kin_mixed_activation_rev
kin_mixed_inihib_irr
kin_mixed_inihib_rev
kin_noncomp_inihib_irr
kin_noncomp_inihib_rev
kin_ordered_bi_bi_rev
kin_ordered_bi_uni_rev
kin_ordered_uni_bi_rev
kin_ping_pong_bi_bi_rev
kin_specific_activation_irr
kin_specific_activation_rev
kin_substrate_activation_irr
kin_substrate_inihib_irr
kin_substrate_inihib_rev
kin_uncomp_inihib_irr
kin_uncomp_inihib_rev
kin_uni_uni_rev

Instead of

KAk AkKkKkkkxxx MODEL REACTIONS

R = Vf*substrate/Shalve* (1-product/ (substrate*Keq)) *
(substrate/Shalve+product/Phalve) ”~ (h-1) /
( 1+ (substrate/Shalve + product/Phalve)”~h )

You can write

Frxxxxxkkx MODEL REACTIONS
R = kin hill rev (Vf,substrate,Shalve,product,Keq, Phalve,h)

>> help SBPD

37 inbuild rate laws (SBPD)
More rate laws can easily be added

Readability of models is improved
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Tutorial Outline

= General introduction to the SBPOP Package

m Model definition and simulation

m Systems Biology relevant topics
= Model analysis

Steady-state analysis and stability
Moiety conservations and reduction

Parameter sensitivity analysis (steady-state & oscillating systems, MCA, local &

global)
Localization of complex behaviors

= Pharmacometrics / Systems Pharmacology relevant topics
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Steady-State Analysis and Stability
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Steady-state Determination

Change into the ,Example Files" folder
Determination of the steady-state

>> model = SBmodel ('CellCycle. txt')
>> SBsteadystate (model)

Steady state could not be found.
Try different options and/or a different starting guess.

>> SBinitialconditions (model) % almost all zero

Starting conditions are important
One possibility to get starting conditions is to simulate a short time

>> output = SBsimulate (model, 20)
>> ss = SBsteadystate (model,output.statevalues(end, :))

Another possibility is the use of SBedit to set new initial conditions

P = - 0 o o
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Jacobian and Stability

Determination of the Jacobian

>> Jacobian = SBjacobian (model, ss)

Determination of stability by considering the Jacobian eigenvalues

>> eig(Jacobian)
0.0413 + 0.15281
0.0413 - 0.15281i

Two complex conjugated eigenvalues with positive real part
=> the considered steady-state is unstable and the system is
oscillating around it
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Moiety Conservations and Reduction
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Moiety Conservations

Determination of moiety conservations

>> model = SBmodel ('CellCycle. txt')
>> SBmoietyconservations (model)

Cdc25P
Weel
APC
IEP = 1 - 1 IE

Moiety conservations (linear dependencies between ODEs) are not
allowed to be present in a system, e.qg., for bifurcation analysis

Moiety conservations present => The model is singular
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Simple Model Reduction

Singular model -> Non singular model
Replacement of linear dependent state variables by static variables

>> model = SBmodel ('CellCycle. txt')
>> modelred = SBreducemodel (model)

>> SBedit (modelred)

The modelred model has 4 states less and 4 variables more
The simulation results are identical
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Sensitivity Analysis
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Forward Sensitivity Analysis

Determine the sensitivy trajectories wrt to perturbations in IC and

parameters
dx(t)
i S@t) =
@ . dp
L f(*ﬂu P}
dt d df(x,p) af(x,p)
—5 = S+
z(0) = xq dt Ox dp
SO) = 0
>> model = SBmodel ('novaktysonl.txt')
>> output = SBPDsensitivity(model, [0:1:200], {'kl', 'Ka', 'khs'}, {'Cyclin', 'YT'})
output =
time: [1x201 double]
states: {'Cyclin' 'YT! 'PYT' '"PYTP' 'MPE' 'Cdc25P" 'WeelP' 'IEP' '"APCstar'}
statevalues: [201x9 double]
variables: {'k2' 'kwee' 'k25"}
variablevalues: [201x3 double]
reactions: {'R1' 'R2' 'R3' 'R4" 'R5" 'R6' 'R7' 'R8' 'R9' 'R10' 'R11" 'R12' 'R13" 'R14" . 'R19'"}
reactionvalues: [201x19 double]
sensparameters: {'kl' 'Ka' 'khs'}
paramtrajectories: [1x1l struct]
sensicstates: {'Cyclin’ 'YT'}
ictrajectories: [1x1 struct]

>> output.paramtrajectories

ans =

states:

reactions:

SBPOP P

{[201x9 double]
variables: {[201x3 double]
{[201x19 double]

[201x9 double]
[201x3 double]
[201x19 double]

[201x9 double]}
[201x3 double]}
[201x19 double]}
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Local Parameter Sensitivity Analysis

Steady-state sensitivities (states, reactions)

Period and amplitude sensitivities for oscillating systems (states,
reactions)

Metabolic Control Analysis

Two step approach (except for MCA)
1) Generation of data for sensitivity analysis
2) Determining of sensitivities and display of sensitivity data

>> help SBsensdatastat
>> help SBsensdataosc
>> help SBmca

>> help SBsensdataoscevents
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Local Parameter Sensitivity Analysis

Steady-State

>> model = SBmodel ('CellCycleRed. txt')
>> output = SBsensdatastat (model)

model: [1x1l SBmodel]
states: {9x1 cell}
xssnom: [9x1 double]
xsspert: {1x26 cell}
reactions: {19x1 cell}
rssnom: [19x1 double]
rsspert: {1x26 cell}
parameters: {26x1 cell}
nomvalues: [1x26 double]
pertSize: [1 1 1 1 1 1

11111
absRel: [1 1 1 1 1 1 11111

e
[
=
e
[
e
[
[
e
[
e
[
e
e
= e

>> SBsensstat (output)
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Local Parameter Sensitivity Analysis

Steady-State

SBplot2
Graphical User Interface T - i

|Nurma\izad Steady-State Senstivities

_ FoEmEEs Magnitude of Normalized Steady-State Sensitivities (MinMax View)

allowing to display block ——

I 2500 F 7 T T T 1 T T T T T T T T T T T T L T T T 1 T T T

diagram type of data -

Play around with the GUI B
to get a feeling for its use

Minkiax Values
[ Mean values
Median Yalues

Ordered Yalues

500

Expart Figure - H H H H

=

k1 kfs kes khskgs Ke Kfweeppak k3V25pmweepcs kds\V2ppkh Kd kbskas Kg kpp Ka Kb VZ3/25pKc
Parameters
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Local Parameter Sensitivity Analysis

Oscillating Systems (Period and Amplitude)

How is it implemented?

output = SBsensdataosc (model, timeData)

timeData = [timeHorizont nrTransientHorizont]
0.02
0109 timeHorizont * nrTransientHofizont imeHofizon %
getting mean values)
0,018 timeHarizont =

(collecting data)
0017 F —

0.016

0.015

t=0: Instant of
parameter perturbation .

0.014

0.013 | | | | |
0 100 200 300 400 500 600 700 800
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Local Parameter Sensitivity Analysis

Oscillating Systems (Period and Amplitude)

Simulate the model to determine the time needed for the transients to
die out and the time needed to have several oscillations within the
horizont

>> model = SBmodel ('CellCycleRed. txt')
>> output = SBsensdataosc (model, [200 2])
output =
model: [1x1l SBmodel]
time: [1x1001 double]
tenom: {1x9 cell}
tepert: {1x26 cell}
states: {9x1 cell}
xnom: [1001x9 double]
xpert: {1x26 cell}
parameters: {26x1 cell}
nomvalues: [1x26 double]
pertSize: [1 1 1 1 1 1
absRel: [1 1 1 1 1 1

]

1111111111111 11111171
1111111111111 1111111]
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Local Parameter Sensitivity Analysis

Oscillating Systems (Period and Amplitude)
Determining and displaying sensitivities

>> SBsensperiod (output)
>> SBsensamplitude (output)

isplay parameter sensitivities for the oscillation period

% d
% display parameter sensitivities for the oscillation amplitude

Accessing sensitivity data

>> sensdata = SBsensperiod (output)
sensdata =
S: [9x26 double]
statesS: {9x1 cell}
parametersS: {26x1l cell}
Sn: [9x26 double]
statesSn: {9x1 cell}
parametersSn: {26x1 cell}
>> sensdata = SBsensamplitude (output)
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Metabolic Control Analysis

MCA is a special case of sensitivity analysis
Function: SBmca
Flux Control Coefficients

Concentration Control Coefficients
Elasticity Coefficients

>> model = SBmodel ('CellCycleRed.txt') % load model
>> modelIR = SBmakeirreversible (model) &% make reversible reactions irreversible

>> ouput = SBmca (modelIR) % perform MCA
states: {9x1 cell}
reactions: {23x1 cell}
FCC: [23x23 double]
CCC: [9%x23 double]
EC: [23x9 double]

The analyzed model needs to contain irreversible reactions only!
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Global Sensitivity Analysis

4 global sensitivity algorithems implemented

SBsensglobalfast - Extended FAST
SBsensglobalprcc - PRCC (Partial Rank Correlation Coefficient)
SBsensglobalsobol - Sobols method
SBsensglobalwals - WALS (weighted average of local sensitivities)
(output = ) SBsensglobalfast (model, timevector) 0.’.
(output = ) SBsensglobalfast (model, timevector,paramNames) o"
(output = ) SBsensglobalfast (model, timevector,paramNames, OPTIONS) 6*
OPTIONS.statenames: cell-array with state names which to consider as model outputs

OPTIONS.variablenames: cell-array with variable names which to consider as model outputs
OPTIONS.reactionnames: cell-array with reaction names which to consider as model outputs

OPTIONS.Nsim: Number of simulation to carry out (approximate value) ‘E’
OPTIONS. range: Order of magnitude of parameter perturbations ‘S‘
OPTIONS. firstorder: =0: use total effect, =1: use first order approx. “o
OPTIONS.objectivefunction: 'relative' or ' absolute' ‘ar<i
OPTIONS.integrator: Structure with optional settings for the integrator o

SBPOP P *_-1 Tutorial henning.schmidt@novartis.com



Global Sensitivity Analysis
Example

Running global sensitivity analysis on the Cell-cycle model

>> model = SBmodel ('CellCycle.txt')
>> time = [0:2:400];
>> parameters = SBparameters (model) ;

load the model
define time wvector
define the parameters to consider

o° o° o°

>> OPTIONS = [];

>> OPTIONS.statenames = SBstates (model) ;
>> OPTIONS.Nsim = 1000;

>> OPTIONS.range = 1;

define all states as output variables
around 1000 simulations
order of magnitude of perturbation

o® o o°

>> SBsensglobalprcc (model, time,parameters, OPTIONS)
>> SBsensglobalsobol (model, time,parameters, OPTIONS)
>> SBsensglobalfast (model, time,parameters, OPTIONS)
>> SBsensglobalwals (model, time,parameters, OPTIONS)

run PRCC method
run Sobol’s method
run FAST method
run WALS method

o® o° o° oe

>> output = SBsensglobalprcc (model, time,parameters,OPTIONS) % don’t plot, just return data

(=03

iire of Global Sensitivities: SOBOL Total Effect method

P = - 0 o o
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Localization of Complex Behaviors

Schmidt, H., Jacobsen, E.W. (2004) Linear systems approach to analysis of complex
dynamic behaviours in biochemical networks, IEE Systems Biology, 1, 149-158
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Localization of mechanisms leading to
complex behavior

>> model = SBmodel ('CellCycleRed. txt')
>> SBsimulate (model,b 500)

1] Figure 2 M Amino acids
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> el
@ '

(@pc) ®

02 b
01fF q
g
. h f h .—. d
Ul] 50 100 150 200 250 300 350 400 450 500 @ G Il
Time

= Which mechanism is the source of the oscillations?
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Localization of mechanisms leading to
complex behavior
Importance of individual components / feedback signals

=

TI(S
A nFigureB "_”EIW
_ }1,21 lﬁl,zn | File Edit Wiew Insert Tools Desktop ‘Window Help L
DeEES RO € 0B 50
Ax;
a2l
156F

>> ss = SBsteadystate (model)
>> SBlocbehavcomp (model, ss)

IEF  APCstar

Importance for considered behavior (14w alue])

1 2 3 4 5 6 T 8 g
States (components) in biochemical netwaork
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Localization of mechanisms leading to
complex behavior

Importance of pairwise component interactions

1T LG) [1=T[" LS e o
DS b &AM ¥ 08| 8O
)
18+
161
141 5o 0z

[Lpli; = [L]y; (1 + Aij)
1
245 = “TRGA( = L)y

12¢

0.8
06r

04t
>> ss = SBsteadystate (model)

>> SBlocbehavinteract (model, ss) 0.2r

Inverse of the magnitude of stabilizing perturbations (/a1

L)

Interactions ordered in decreasing impertance for complex bahvior
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Identified mechanism behind oscillations

Feedback mechanism involving
5: YTP

8 . I E P Amino acids
?‘ -
-@ Cdc2

9: APC* ® lV
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Tutorial Outline

= General introduction to the SBPOP Package
m Model definition and simulation

m Systems Biology relevant topics

= Definition of experiments and measurement data
» Excel and CSV measurement representation
= Experiment descriptions and merging with models
= Import and export models of measurements and experiments

= Pharmacometrics / Systems Pharmacology relevant topics
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» Representation of measurement data

SBmeasurement
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Measurements

The toolbox can handle 2 representation formats

Excel
Comma separated values (CSV)

One Excel file can contain measurements of several experiments
One CSV file can contain measurements of a single experiment

Contents
Name
Notes
Components (same names as model components)
Componentnotes (additional information, e.g. units)

Values

P = - 0 o o
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Measurement Examples and Import

Measurements in Excel

Change into the ”"Example Files” folder
Open the ""MeasurementExample.xls” in Excel

data = [1x1l SBmeasurement] [1x1 SBmeasurement ]

>> data = SBmeasurement ('MeasurementExample.xls') O Ws

>> data = data{l} % use only first data object in the cell-array

Measurements as CSV (importing CSV is MUCH faster then XLS)

>> edit MeasurementExample.csv

>> data = SBmeasurement ('MeasurementExample.csv')

SBmeasurement

Name: MeasurementExampleCSV

Measured components: 3

Number time points: 42

Error bound information present at least for one measurement.
Measurements not present for all time points
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Measurements — Excel format

| Measurement name ]
/r/[’f '

A | B |

1 [Name Measurement EXample 2 Notes about the measurement ]
2 |Hotes Just some notes in a single line
2 |Componentnotes Component B \Component C
4 |Components time A A+ A- B
5 [Values 0.0172 0.01548 0.0116
b 0.0171892 0.0 0,0154703 00115551
7 0.0170854 0.013 0.0153764 0.0114354 EXtra notes abOUt the
o 00173514 0.019 00118658
g 9693 0.01c66 00109358 Components
534 0019963 a1 00125635 0.00104271
Names of the measured 57 0.018 00119458 0 O0NRT1465
V4™ n 25 UU .
coE‘nponeInts_. time appears [ - max (+) and min (-)
ere also |r|1 an arbitrary 3? gg values allowing the
column oo representation

17 211924 00180043 0.0: Of error bounds
18 27 317 0.0180811 0.02& 2
19 226 538 00161404 00177544 00145264 0.0111411 0000550004
20 2356 631 0.0135297 00148827 00121768 000717188 0000783385
21 241 166 00139325 - n.01253973 n7r
22 241697 0.0140435 0.0154479 : Measurement data
23 242 971 0.0143499 0.01573449 0.01291449 0, .
24 255 948 0017554 00193094 00157986 0. Leave blank If unmeasured

Worksheets in an Excel book can contain any data. BUT if Al is set to "Name”
then the above format is expected.

™ Tutorial s
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Measurements — CSV format

[Name]
Measurement Example CSV ( . N
Good practice
S .
[Notes] Give a useful name and
Notes about the measurement / experiment document the measurement
data with telling notes
[Components] 44)
time,A,A+,A-,B,C
Measurement data
[Componentnotes]
B Leave_empty or set to
B: Component B NaN |f unmeasured

[Values]

0, 0.0172, 0.01892, 0.01548, 0.0116, _
Important:

49.0552, 0.0171892, 0.0189081, ~ 0.0115591, 0.000865671 Th

98.9524, 0.0170854, 0.0187939, NaN , 0.0114354, 0.000858473 € meas-urerr.lents_

128.814, 0.0173518, 0.019087, 0.0156166, 0.0118688, 0.000825422 should be given in units

151.362, 0.0169693, 0.0186663, 0.0152724, 0.0109388, 0.00104578 that are to be used for the

160.548, 0.0181534, 0.0199687, 0.0163381, 0.0125635, 0.00104271 models components!
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Handle Measurement Data

Visualizing the data

>> SBvisualizemeasurement (data)

7] seplot = ——
MeasurementExampleCSV -
: MeasurementExampleCSV
i 0.025 T T T T I
’711,,,5 - + A (Component A)
- + B (Companent B)
— Y-Axis-
ry - J
B R H
c 002 e
M + H + !
+ + + § . Jl
ootsf * .
+*
— Plot Format T * *
-‘?tw alot 001k |
) semioox #
) semioav +*
) loaloa
- #
0.005 B
— Export Figure
Export
[Cexport | (1w ! . . .
1 1 1 0 1 |
0 50 100 400

Extract information

>> [time, componentNames, values, minvalues, maxvalues] = SBmeasurementdata(data)
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» Representation of in silico experiments

SBexperiment
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Experiment Descriptions

The System The Model

i
G, en
t =
aie
N
|
A
[
T
It
v
/.
o (
.
Fnp AP
PR g0
e e
et

i = 2

The Experiments

-2
)

A
i

[ ar NS
fr— prove

- One slightly different
Overexpression = model for each experiment?

o

Knockout

Change of concentration 1 -, T ] -,

Change of concentration 2

etc.

P = - 0 o o
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Experiment Descriptions — Why?

= Typically many different biological experiments

» Coding each experimental setting in the model leads to
= very complicated models or
= a large number of models to keep track of

manual coding

Model periment 1

Model Working model

+ + +
manual coding
Experiment Experiment L. Experiment
Description 1 Description 2 Description N

ﬂ ﬂ automatic combination ﬂ

Simulation Simulation Simulation
Model 1 Model 2 Model N

f Tutorial ~ henning.schmidt@novartis.com



Experiment Descriptions

Experiment descriptions allow to define experimental settings insilico

Experiment descriptions in the SBTOOLBOX2 allow to
change initial conditions
change parameter values
change parameter values over time
change state variables at given time instants

A simple example

>> edit modell. txt
>> model = SBmodel ('modell.txt')

o°

load the model

>> edit experimentl.exp

o°

>> experiment = SBexperiment ('experimentl.exp') load the experiment

o°

>> modelexp = SBmergemodexp (model,experiment) combine model with experiment

o°

have a look at the new model

Click "Simulate”

>> SBedit (modelexp)

henning.schmidt@novartis.com



Experiment Descriptions — How does it work?

*kkkkkx*xx*x MODEL NAME
Simple model

kX kkhkkKkhkk Kk
xkk** k%% MODEL STATES EXPERIMENT NAME

Simple Experiment for simple model

d/Ch:(A) = R KrAkxxkKkkAkAx EXPERIMENT INITIAL PARAMETER AND STATE SETTINGS
d/dt (B) = R kl = 2

228; = é %% %% xx* %% EXPERIMENT PARAMETER CHANGES

xorxmxorxkxx MODEL PARAMETERS i yuuxxxx%% EXPERIMENT STATE CHANGES

kl = 0.5 time=10, A=1

* k%% MODEL REACTIONS

R = k1*A

— e

*kkkkxx*x*x* MODEL NAME
Simple model
*kkkkxxx*x* MODEL STATES

d/dt (A) = -R

d/dt (B) = R The result is a
228; B é new model where
*xkkkxkkxx MODEL PARAMETERS the _eXpe”mental
kl = 2 settings have been
S d i s s MIODIEIL, RIZACTTONS added

R = kl1*A

Frkxxxxxxxx MODEL EVENTS
StateChange 1 = ge(time,10) ,A,1

*_-1 Tutorial henning.schmidt@novartis.com



Experiment Descriptions

The general syntax is described in the experiment2.exp file

>> edit experiment2.exp

An experiment object is realized as an object of class SBexperiment

SBPOP Pc f Tutorial ~ henning.schmidt@novartis.com



Internal Experiment Data Structure

>> experimentstructure = SBstruct (experiment)

experimentstructure =

name: 'Simple Experiment'’
notes: 'Simple Experiment for Simple Model‘
paramicsettings: [1x1l struct]

parameterchanges: [0x0 struct]

stateevents: [1x1l struct]

j Tutorial
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Import/Export of measurement data

CsV
Excel
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Measurements Export

Export a single measurement to an Excel file

>> SBexportXLSmeasurement (data, 'filename')

% variable ,data"“ already defined
% from previous commands

Exporting several measurements to an Excel file

>> SBexportXLSmeasurements ({data, data}, 'filename2') % just export twice the same data

Export to CSV file

>> SBexportCSVmeasurement (data, 'filename')

Import of data always by using the sBmeasurement command

>> data = SBmeasurement('filename.csv') % imports

>> datacellarray = SBmeasurement ('filename2.xls')

the CSV file
% imports the Excel data file

Zﬁ: Tutorial
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Import/Export of experiment descriptions
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Experiment Descriptions

Export of experiment descriptions

>> SBcreateEXPfile (experiment, 'experimentfile') % “experiment” defined from before

Import of experiment description files

>> exp = SBexperiment ('experimentfile.exp')

*_-1 Tutorial henning.schmidt@novartis.com



Tutorial Outline

= General introduction to the SBPOP Package

m Model definition and simulation

m Systems Biology relevant topics
= Projects, parameter estimation, model reduction

Projects

Parameter estimation / manual tuning / parameter fit analysis / parameter
identifiability analysis

Model reduction

Simulation of projects

Commenting of projects

= Pharmacometrics / Systems Pharmacology relevant topics

' Futorial ~ henning.schmidt@novartis.com




= Projects
» Modeling example

SBPDproject

BPOP Pz " Futorial



Modeling Projects: SBPDproject

An SBPDproject is a container for

SBPDproject =
Models ||  SBmodel
Measurement data i .
Experiment descriptions U| SBmeasurement

Modeling information

|  SBexperiment

Parameter estimation, etc., can directly be run on projects

When modeling a system we build a project

Let's do it!

henning.schmidt@novartis.com



The System to be Modeled:
Photo Transduction in Rod Cells

Transducin Activation

G-GTP G, GTP
Ry

1a 1c

i ATP ADP

Phosphorylation

GTP

»
sl

GDP

n= n+1

Arrostm Quench

B PDE Activation PDE Inactivation
N
- N\
8a 8b 8c
-T —_ —_

G,GTP
The example shown in the following is adapted for this tutorial
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1) Model Network Structure

Components

Interactions [ A ]‘ & ’[ R ]
Stoichiometry VRAIT - vstim
‘O—P[ Ractarr ]
VRAIT
| VRGact .. VRGatt [ e
[ G ] | Ract ]4 v,
A
[ RactG L1 o
.
GactPDEact { ] Gact
[ ]4 VGhctPDEact © ]
VG2 VG
vGactPDEact
E:l—b{ PDE ]

Y
QHE[ Gr }4 <

Adding mathematics in graphical tools is often a pain
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2) Kinetic Rate Laws

Export graphical model to SBML => Import to SBTOOLBOX2

Add kinetic rate expressions in the SBmodel

We start simple, by assuming mass action kinetics
Only in a single reaction we assume Michaelis Menten kinetics

Initialize parameters with guessed values

Nothing known about the parameters => we set all to ,, 1"

ﬂ Tutorial henning.schmidt@novartis.com



3) Initial Conditions

In this example we assume that:

Carefully undertaken experiments showed that the number of molecules
of the involved species (WT) in the inactive state (thus their total
amount) is as follows:

R =500
G = 3000
Arr = 5

The number of PDE molecules is unknown but believed to be
somewhere between 10 and 1000

All remaining species have an initial amount of O

SBPOP Pc ,j Tutorial ~ henning.schmidt@novartis.com



The Initial Model

Based on the previous information we can construct an SBmodel
representation

Change into the folder:
~Example Files\projectexample\phototransduction project\models”

>> edit model. txtbc % or just doubleclick on the model file

Have a look at the model

Realizing the pulse stimulation:
stimulus = piecewiseSB(magStim,le(time,durStim),h0)

SBPOP Pc f Tutorial ~ henning.schmidt@novartis.com



4) Measurement Data

The experimentalists gave us 4 documented CSV data files

Time-series measurement data
of Ract and GactPDEact

Information about the biological
experiments that have been performed
to obtain the data

B sBplot

3o

The information in the documentation
is the base for the specification of the S
experiment descriptions

. 20

200 —

150 H
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Experiments and Measurements

different
¢ stimuli

measured

& X single knock-outs

Time-series data measured
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5) Constructing Experiment Descriptions

Change into the folder:

nExample Files\projectexample\phototransduction project\experiments\deltaArr 01 "

>> edit deltaArr Opointl stimulation.csv % or right-click => “open as text”

Have a look at the measurement documentation

Define experiment description:

FhFxrkxxxkkx EXPERIMENT INITIAL PARAMETER AND STATE SETTINGS
Arr(0) = 0 % knock-out

magStim 2
durStim = 0.1

>> edit deltaArr Opointl stimulation.exp % or right-click => “open as text”

SBPOP Pz ,3 Tutorial ~— henning.schmidt@novartis.com




Representation of SBPDprojects

= Folder structure, containing
= Models
= Experiments

= Measurements
L .E‘.{aranEFiles

| projectexample

g . phototransduction project 5

. experiments

Experiment folders containing
experiment description file
and corresponding

. measurement data T deltafrr 01
.. deltaPDE_05
Folder containing model(s) WT_01
TEXT (ODE and/or BC) and/or SBML S
W WT 2
., models

Use telling names for the experlment folders. It will help you later!
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Projects — Import and Information

Change into the ,example files/projectexample “ folder

Import of the project

>> sbp = SBPDproject('phototransduction project')
SBPDproject

Name: phototransduction project

Number Models: 1
Number Experiments: 4
Number Measurements: 4
Number Estimations: 0

Project information

>> SBPDinfo (sbp)
===PROJECT INFO
Project name: phototransduction project

e (O D

Project notes: This is an example project for the SBTOOLBOX2/SBPD tutorial

In this notes.txt file you can document your project. Additionally,
you can add all kinds of additional documents in the different folders.
==Y OID AL oo e s — e s e S S e S S s S S OO OO —so
Model 1: Project example model
X R T N S B e e
Experiment 1: WT Opointl stimulation

Measurement 1: WT Opointl stimulation
Experiment 2: WT_2 stimulation

Measurement 1: WT 2 stimulation
Experiment 3: deltaARR Opointl stimulation

Measurement 1: deltaArr Opointl stimulation
Experiment 4: deltaPDE Opoint5 stimulation

Measurement 1: deltaPDE Opoint5 stimulation
e T I @) e e
0 estimations present

henning.schmidt@nova



Adding New Experiment Results

Create new folder in ,experiments" folder
Copy measurement data in (Excel or CSV file)
Create an experiment description

DONE!

Names in measurement files and experiment descriptions have
to be the same as for the corresponding elements in the model
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Projects — Visualize Measurement Data

Measurement data can be plotted by

>> SBPDplotmeasurements (sbp)

Bl sBplot

B=1%

E1:WT_O1, Mi1: WT_Opoirt]_stimulation
E1:WT_01, b:WT_Opaintt _stimulation

E10 T 1 1 W point]_timulation

E2WT_2, b1 WT _2_stimulstion
E3: deftatrr_01, bi1: dettatrr _Opoint1 _stimulation

Fact ~
GactPDEact l_l

[

— Plot Format
() plot

) zemil...
0 =emil...
) loglag
() fourier
(D autocorre...

— Export Figure

E4: cettaPDE_03, 11 detaPDE_Dpointa_stimulation l """" J """" J """" J """"" ' """"" !

—o— Ract ([#])

—&— GactPDEact ([#])
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Projects — Simple Simulation

Simulation of the experiments in the project
Comparison with the measurement data

>> SBPDcomparemeasurements (sbp)

¥ sBPDplot = 11 m
hdadel

|_—|Proiec_1 example... .—lv 300 rpigrrertre T T

— Expetiment — GactPDEact

WWT_Opairtd _ﬁimullﬂ
WT_2_stimulation

dettadRR_Opoint1 _ 250
detaPDE_Qpoirts_:

T I

B
€

Measurements (-0-) ]

150
Toggle Errorbars

— Plot Format

(¥ plot
[ J)=em..
) =Rm
¢ 0 Inrlnn

— Export Figure —

. Simulations (=) ]

=

a0
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Projects — Export

Saving a project as single binary file

>> SBPDsaveproject (sbp, 'projectfilename’)

Saves the project in the file: projectfilename. sbp
Can be loaded again by

>> sbp = SBPDproject ('projectfilename. sbp')

Exporting the project to a folder structure
>> SBPDexportproject (sbp, '‘projectfoldername’)

During export measurement data are always saved as CSV files!
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Parameter estimation / manual tuning /
parameter fit analysis / identifiability analysis

SBPDgui++
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Project is Defined — What Now?

Several possibilities to perform parameter estimation, etc.
All from command line (messy)
Using a ,runEstimation" script (easy ... we will see it later)
Using a graphical user interface (easy)

Start the GUI

>> SBPDgui

SBPOP Pc ,j Tutorial ~ henning.schmidt@novartis.com



SBPDgui

& Figures - SBPDgui - D m

Fil odel  Experiment  Estimation  Other  Debug  Desktop  Window  Help k] | o
D = BDBe a0

Select Model Globhal Parameters 0 Low | 1000 | High [ Initialize ”wrrte uutl

e

| : \ |3implexSB: Melder-Mead... M [ Optimizer Options ]
Select EHPEflmEﬂtS |1: uze averages from fir.. M |1: max values Il]
|D: no timescaling Ill |2: teration and final M

Select "File”->"Import Project”

Then navigate to "Example files/projectexample” and

select "phototransduction project”
Select Estimation Settings \ Jatm

M ’ Histogram l [ Significant Correlation

Select Experiment Weights
Estimation Settings Notes (First row: Hame)

[
[

Simulate single Experiment 20 Te ’

B

Plot Measurements ] States (always experiment dependent)

Update Estimation Settings

L |E J[E]

Save Hew Estimation Settings

Manual Tuning ]

l

l

’ Compare Measurements ]

l l
l

Identifiability Analysis | vl [ Reset Project |
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SBPDgui

: )
| Select the model to fit ! N [=] X

<. Figures - SBPDgui

(only one model present)

File Model Experiment Estimation Other DeIng

D& =0 =Ini=R=lu]
Select Model | ; iiali i nﬂ]

|;r::ztezimp'z::c::; ' S e I e Ct th e ex p e rl men tS to ﬂ |SimplexSB: Melder-Mesd. . M l Optimizer Options ]
VT _Opoint _stimulation m : cons | d er fo r fl ttl N g ( se I ect |1: Lse averages from fir... M |1: max values Ii]

WT_2_ stirmulation

. . . . 0: no timescalin | |2 teration and final w
gggggggﬁ;;g;_;};iﬂ\‘\the first three, the last is '_g o) M

v kept for validation)

Y, [ Residual Analysis |
e : == #Estimations 05 Perttype
Set the weights for the
i Local (experi dlfferent expenments ! Boxplot l ’ Clustering ]
Select Estimation Settings (keep on "1"S) !C""e'aﬁ“" l [ IR T ]
| |

1: defaultt ’ v Histogram Significant Correlation ]
Select Experiment Weights
11 Try these buttons to plot  |settings Notes (First row: Name)

measurements, compare  |feinscion ssving. g
. \measurements, etc. u;

/' update Estimation Settings

Plot Measurements ] States (alwa

Simulate =ingle Experiment

Manual Tuning *: Use manual tunlng tO tUne

p

——— S > | parameters. This updates the I—
| project in the SBPDgui

[ Compare Measurements ] ' GactPDEact ' o 100 |

SBPOP Pz *_-1 Tutorial ~— henning.schmidt@novartis.com



SBPDgui

B Figures - SBPDgui g@ﬁ

File Model Experiment Estimation ©ther Debug Desktop  Window  Help N | "X

H 5O

Select Model Global Parameters 0 |Low | 1000 | High [ Initialize HW‘rite nut]
|Prnject_example_model M 'ERGact’ o looo Iﬂ
‘klGact' Ju] 1000 Y4 I Optimizer Options ]
Select Experiments 'kZGact ' 0 | I_I
5 A 5 ' ' - - Sx valles w
INT_Ogcint_stiuatn [a] [ incpoBace! 0 Click this button to attach
—2_stimulation ERbrrl o eration and final M
defta&RE_Opoint1 _stimulation 'kRArrZ’ Jul 1
dettaPDE_Dpoints_stimulation ottt o SBP Dg ui to the MATLAB _
"RGEE' 0
: desktop ) == ]
'magitin' u} =’
‘durtim' 0 100
100 | #Estimations 0s Perttype
U Local (experiment dependent) Parameters Boxplot l ’ Clustering
b e
Select Estimation Settings U [ Correlation l [ Pairwise Correlation ]
1 default M [ Histogram l l Significant Correlation ]
Select Experiment Weights
1111 Estimation Settings Notes (First row: Hame)
—— aw| |default &I
[ Plot Measurements ] States (always experiment dependent) Pefault estimation setting.
TArr’ o Eooo Ea v
[ Simulate =ingle Experiment 20 Te . ' il Fe+008
R o s [ Update Estimation Settings |
[ Compare Measurements ' GactPDEact ' o 100 — -
gr o 100 [ Save Hew Estimation Settings l
[ Manual Tuning ] " DDE" a 100000
'r o 500000
| Identifiability Analysis P a oo v [ Reset Project |
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SBPDgui

l‘ MATLAB 7.4.0 (R2007a) - D1
File Edit Debug Deskiop ‘Window Help
O D”'| é{, By . kI |ﬂ ﬁ @ | @ |Current Directory;:|E:'l,WORKl,WRITING'l,CONFERENCES'l,ICSBZDDSITUTORIAL'l,tutoriaI materialiexample files\projectexample
Current Directory *+ O ? x Workspace | E Editor - deltaArr_Opoint1_stimulation.exp | Figures - SBPDgui +Oax
Ect | @D - N | = O BOBES 0O x
All Files « S .
= - - Select Model Glohal Parameters ] Low | 1000 | High @ Initialize | wiite out
phototransduction project - TRRCact ' o 1ooo
a Estimati |Projec,1_example_model M ad ; E— .
run stimation.m Soloct £ loact o 1000 |t55msE: (tast) Scatter Sea. [v| Optimizer Options
B test. shp elect Experiments "kZGact' il 1000 - A .
a ssm_repart. mat W _Dpoint] _stimulation [:] '2GactIDEact' O 1ooo |1. use averages from firstti... M |1. max values M
VT _2_stimulation REArel' o 1000 [0 o timescaling [s] |2 teration and finai v
deltaARR_Dpo_irM _st_imulaﬁon VEDArrz' o 1000
ﬁ-ﬂ : & LOAG \ Recidual Analysic
Work with the GUI and see the [w |#esimatos Portype
results in the MATLAB output e e

T 5] | Solect Estimation Setings wW Ith o) ut CI |Ck| n g aroun d th e Correlation Pairwise Correlation

|1- detautt Histogram Significant Correlation
Command History s 4 : Wi n d OWS
~-ghp b] Select Experiment Weights
--SEPDinsilicoexppro]ishp, 1,2, | 1,11 imation Settings Notes (First row: Name) [_]
default ~
y el |
1800/80/4 P MEREIrEenta st llt dependent) Default estimation setting.
~f£1lename (X M
. looo
- filenswe (X.name) Simulate single Experiment Te b]
— Update Estimation Settings
Compare Measurements
X nane Save Hew Estimation Settings
-+fileparts (x.nsame) Manual Tuning
~[a,b] = fileparts(x.n=ame)

Identifiability Analysis [l] Reset Project

-~help 3BPDreducerateexpressio

- GBPDreducerateexpressions (3B

0
1 kGrz = 0.000363097
e d kG = Z.77949
[u]
w1 Estimated initial conditions
0
~-ghp = SBEPDproject (' phototran PDE=196.175 (Experiment 1)
SBEPDinfo (shp) PDE=143.775 (Experiment 2]
- 3BEPDplotmeasurements (sbp) PDE=241.82Z1 (Experiment 3)

- GFBPDcomparemeasurements (shp)

-+edit deltalrr Opointl stimuml Optimal cost: 1.27769

< ] 1l ] [l] EE
R

start | Click and drag to move Command Window. .. o
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SBPDgui

)| Figures - SBPDgui = D m
File Model Experiment Estimation ©ther Debug Desktop  Window  Help k] | "X
D =50 HDOH= O
Select Model Global Parameters | i |Luw | 1000 |High [Initiali :
i "ERGact’ i looo
|ije':t'example'model M 'le:Z:' a 1000 =SmSE: (fast) Scatter . [_] | optimizer options |
Select Experiments 'kZGact ' 0 1000
VT _Opoirt] _stimulation m 'kE‘-act;DEact,' u} 1a0a W. |1:maxvalues Ii]
WT_2_stimulation 'ERArrl’ i} 1lo0o D ———————
defta&RE_Opoint1 _stimulation 'kRArrZ’ u] 1000
dettaPDE _OpointS_stimulation "kCrl! o Loon Try these buttonS, they help
'kGrz’ 0 1000 .
° to construct the list of
parameters and initial
/ conditions to estimate
SeIeCt the (g|0ba|) nt dependent) Parameters BoTTaR T ] )

‘Darameter name’, lower .
P ! We do not need to estimate

bound, upper bound : :
(We do not have a clue about 1 local parameters in this

. L J 1
pa ra m ete rs to eStI m a te : hl [ Correlation ] l Pairwise Correlation
—_—— [

the correct parameters, so we Ii'wavsE*PB"mB"tdEPE"f;D"D‘I prOJect
just guess something O ... ) '[ ——————— j
1000) p -] Imation ngs
\_ | J \fSelect the initial conditions to |
[ Identifiability Analysis estimate (we know the bounds
.. 1000)
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SBPDgui

( . . b
' | Select optimization method [
B sBPDeui I ] I = Il m
_ , — (simplexSB)
File Model Experiment Eskimation OCther Help t ) "
Select Model Global Parameters 0  Low | 1000 | High |Initialize []i
i 'ERGact’ u} laao
|Pru:qeu:1_example_mudel M oo 2 Loon o elder-Me...M [ Optimizer Optjons ]
Select Experiments " FRact ' a 1000 : |1. R
"W _Opoirt!_stimulation [a] 'kGactPDEact' 0 1000 [1: use averages from . v |1 /|
WT_2_stimulation "RRArrl’ 0 1000 ve| |2 iteration and
deftadRF_Qpol i oo , .
detaPDE_|

The other settings leave on default.
More information about them can be
found by typing:

e,

[ Correlation ]

Edit optimizer options
(leave on defaults)

Default estimation setting.

"help SBPDparameterestimation”

N N

Select E

|1 » default M

Select Experiment Weights
| 1,1,1 |

[ Plot Measurements

[Simula‘tesingleExperiment [I CIICk "Run EStImatlon"
[ comparemessureme| LO Start the estimation

[ Update Estimation Settings

[ Save Hew Estimation Settings

[ Manual Tuning J

U Ul |

[ Identifiability Analysis ] v [ Reset Project
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Parameter Estimation

Parameter estimation

-+

Running an optimization
and wait
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Parameter Estimation

Different optimization methods are useful for different problems

Many options for optimization methods => translation of parameter
estimation into optimizer options estimation

Simple guideline
Start with a local optimimzation method and see how good it gets

Restart optimization with a global method (here use fSSmSB if you have
installed the SSm GO toolbox, otherwise use, e.g., pswarmSB)

Iterate between optimization and checking the results using ,,Compare
Measurements" or ,Manual Tuning"

~Simulate Single Experiment" helps in understanding what happens to the
unmeasured parts in the model

ﬂ Tutorial henning.schmidt@novartis.com




Parameter Estimation 1st Preliminary Result

Estimated parameters

;{;;_:;T;;;;““ ﬁERY close to the upper \

klGact = 999.989 bound => lets increase the
k2Gact = 0.537476 upper bound to 10000

kGactPDEact = 485.473
kRArrl = 0.109028
kRArr2 = 12.9209
kGrl = 0.0549069

=> restart optimization

(preferably using first a
local method: simplexSB,

kGr2 = 1.47609 - :
alternating with fSSmSB
kG = 0.466008 \ g ) /

Estimated initial conditions

PDE=115.492 (Experiment 1)
PDE=296.076 (Experiment 2)
PDE=921.481 (Experiment 3)

@mal cost 0.036OD
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Parameter Estimation 2nd Preliminary Result

Estimated parameters

kRGa C t = 1 . l 9 l 9 7 )] SBPDmanualtuning ‘L‘Mm

. hode] ———
kl GaCt - 6 2 7 7 ° 3 6 r WT Opoint1 stimulation WYT 2 stimulation
N ——— ) 100 T T 300 PR e e e T ——
k2Gact = 2.56590 VT Dpcintl_stimulatior an Yy GactPDEact : gaC:PDEam
WT_2_stimulation 4 T ! il
detasRR_Opoint1 _stim Yo : . 200 H - R ]
kGactPDEact = 0.362095 i e G A S | | |
a0 ff--------- S e b i : oy
kRArrl = 0.104435 | L R S e
R P
v !
kRArrZ = O . 2 8 9 1 8 5 3 —— () e JUlicesi:c= SR RERIS R =
0 & 10 15 20 0 & 10 158 20
— _ — Components Time Titne
kGr 1 - 2 © 9 2 3 7 9e O 1 8 GactPDEact b] deltaARR Opoint1 stimulation
Ract 150 T T
kGr2 = 2.31828 GactPDEact
Ract
[l S NN v s
kG = 1.40081
Simulate Experiment |
__Tnggle Brotbars | | |
Flot Format -
Estimated 1nitial conditions ous L -
) zemil...
—_—E e e e e e e e e e e e e e e e e e e e e, e, {7 loglon
, Toom i Parameter 1 Parameter 2 Parameter 3 Parameter 4 - Farameter 5 Parameter 6 Parameter 7
= kRGact » k1 Gact hd k2Gact b kGactPDEsCt |w kRArr b kRArr2 ~ kGr1 »
PDE l 2 2 : 6 3 6 (Experlment 1 ) 1000 J- 10000 J- 1000 - 1000 JA 1000 J- 1000 JA 1000 J‘
PDE=3 O O 32 2 (Experiment 2 ) 149187 6277 36 2 56596 0362035 0104435 0.289185 292379
: [T] i - i - 0 j i - 0 - 1 - i -

PDE=141.934 (Experiment 3)
Use ,,Manual Tuning" or ,Compare Measurements"
Optimal cost: 0.000615584 => Fit seems acceptably nice
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A Posteriori Identifiability Analysis

Select one experiment at a time and click the ,Identifiability Analysis®™ button

Experiment 1 Experiment 2 Experiment 3

Parameter Correlation Matrix (absolute values) ) ) . )
1 Parameter Correlation hMatrix (absolute values) Parameter Correlation Matrix (absaolute values)

k5
kG e
kG kG2
kG kGr1 kG2
kRArr2 kRAr2 kGr‘]
kRAr1
kR A
kGactPDEact kGactPDEact
kGactPDEact —
k2Gact KGact
ac
kZ2Gact K1 Gact
k1Gact kRGact k1Gact
kRGact T 8 B T Y oz o o0
& g g g g 2 2 kRGact

kG
kGactPDEact
kG

kRGact
k1Gact
k2Gact
kGactPDEact
kRArr
kRA2
kG
kGr2
kRGact
k1Gact
k2Gact
kGactPDEact
kiGr1
kiGr2

) - 'r : - - -
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Validation of Models' Predictiveness

Simulate the last experiment, which was not used for estimation

A SBPDplot H@m

et deltaPDE Opoint5 stimulation
r Project_ewample_model |+ | 0.45 T T T T T
— Experiment s H : : H : : H

deltaPDE_DpoirdS_s‘timulatw E
04 %0 .

0.35
v
u 0.3F
=] | [2]
0.25 H
02H
— Plot Format
(&) plot 0.15H
() =semilogs:
) semilogy H 1 1 ' ' ' ' ' '
() loglog 01f-------- Besseoeeas s \\ ----- eceoneas s s bemeeonees P PR |
PG

— Export Figure 005

1 1 1 et
]

| 3
2 4 B g 10 12 14 16 18 20

Time

Not perfect, but we have seen worse in other projects ©
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Don't Waste Measurement Data

One we have seen that the model is able to predict our validation data
we should use these data to |mprove the model

Reduce the upper boun
Again use simplexSB a

timized values

These two seem to be
correlated, since increasing

Estimated parameters together . See a ISO ‘—Hg‘m
kRGact = 1.15041 — Identlflablllty analySIS YT 2 stimulation
klGact = 9994.95 \ " s GactPDEact
E. Ract
k2Gact = 4.18729 ot y oo l& .
kGactPDEact = 0.373298 corl 1
kRArrl = 0.101745 a - s
kRArr2 = 0.397964 R B " i =S . |
i] & 10 15 20 o 5 10 15 20
kGrl = 0.0171438 P — ; Tima Time
kGr2 = 2.30743 g:’;‘lPDEad [»] s deltaARR Opoint1 stimulation 05 deltaPDE Opointd stimulation
GactPDE R
kG = 2.36096 L o gm0 TR 04
0.06 0.3
. . . . o o Simulate Experiment
Estimated initial conditions 0.04 1 0.2
Plot Format :
PDE=128.758 (Experiment 1) 82%_ og : = = - o2 : - ~ e
PDE=302.294 (Experiment 2) e = Thite
PDE=1 5 2 . 6 1 8 ( Expe s ime nt 3 ) Parameter 1 —— —Parameter 2—— | —Parameter 3—— —Parameter 4 ——  — Parameter 5——  — Parameter 65— — Parameter 7——
kRGact ~ k1Gact hd k2Gact A kGactPDE... |w kRAr » kRArT2 hd kGr A
PDE=39.4611 (Experiment 4 |- 10000 | - 1 | a |- |- [ 1 |
(Exp )
1.15041 9994 95 416729 = 0373296 0401742 0397964 001714
m i = i B 0 -] i B i = i B 0 B

Optimal cost: 0.000423773
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Save Optimized Project

To export the optimized project do the following
Select ,File"->"Export Project (Folder)"
Navigate to the projectexample folder

Click OK
Type new name: ,phototransduction project optimized”

Optimized global variables are stored in the model
Optimized initial conditions and local variables are stored in the
experiment decriptions

Browse the newly created project folder and check the experiment
descriptions and the model
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Parameter Fit Analysis

Idea:
randomly perturb starting conditions for estimation around current optimum
perform optimization and collect optimal values
repeat N times
analyze results

Gives information about:
parameter correlations
local optima
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Parameter Fit Analysis

r

M sBPDzui
File Model Experiment Estimation Other Help

J|

L]

"
P

¥

[ Select a local optimization
{method (simplexSB)

Select Model

Project_example_model

Select Experiments

zimplexSE: Melder-Me.. M [ Optimizer Options

|1: use averages from ... vl |1: max values

EIE]L

W

:

WT_Opaint] _stimulation m 'kGactPDEact' 0O
WT_2_stimulation "RRArrl' o 1000  no timescaling v 12 iteration and final
dettatRR_Opoint1_stimulation e PArEE " o 1o0n
ASHeFE Dpoints.sfimiltin GrL 0 1000 © RunEstmaton
"RGEZ o 1000 [ ———————
kG il 1000 [° N
B editoptionsGUI = D m
S : b f Optimizer Options
et maximum number o S —
ptimizer: simplexSE w
ramf ¢ MNelder-Mead nonlinear simplex {local)

cost function evaluations to a

smaller value (saves time)

1: default
Select Experiment Weights
1,1,1,1

|

States (always experiment dependeni

"PLE" 0 1000
Te

Plot Measurements

[

[Simulate single Experiment

[
[

20

Compare Measurements

Manual Tuning

OPTIONE.
OPTIONS.
OPTIONS.
OPTIONS.

nay funevals EQ00;
z0ooo;
le-010;
le-010;

maxiter
tol fun
tolx

OK Cancel

]
)
)

Identifiability Analysis
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Parameter Fit Analysis

&4 SBPDgui m@ﬁ

File Model Experiment Estimation Other Help L

Select Model Global Parameters 01 |Low | 10 | High [initialize |[write out|
[ | 'EBCact’ 0 1000 ~

Project_example_mo

|SimplexSE: Nelder-Me...M [ Optimizer Options ]

oo e Select number of optimizations 1 use averages om _w| [t mwcvabes ]
oo ) and the type of the [:notimescaing ] [2 feratoncnd il _[y]

detaPDE_OpointS_;

Residual Analysis ]

perturbation (help
SBPDparameterfitanalysis)

J

100 | #Estimations 05 | Perttype

Local (experiment dependent) Farameters Boxplot ] [ Clustering ]
[}
Select Estimation Settings [ Correlation ] [ Pairwise Correlation ]
|1; defautt M ] ] [ Histogram ] [ Significant Correlation ]
Select Experiment Weights Sta I‘t the f|t‘a na|YSIS
1111 Estimation Settings Hotes {First row: Name}
L M defaalt b]
[ Plot Measurements | States (always experiment dependent) Default estimation setting.
"FDE’ 0 1000 h]
lSimuIate single Experiment 20 Te

[ Update Estimation Settings

[ Compare Measurements

[]
]
]

[ Save Hew Estimation Settings

]
’ Manual Tuning l
|

[ Identifiability Analysis [v] [ Reset Project ]

P = - 0 o o
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Parameter Fit Analysis

Correlation analysis: Even here klGact and k2Gact are highly correlated

Fitted and scaled GLOBAL parareters Pa i EWise C‘D rrﬂ I ati O n S o

@14£0607) kL H [« o o o ° 0o’
5 9 o &
a og o o]
{223 +0.124) kG2| i ®o, o P O@@@

(0.0116 + 0.00905) kGrl |—|:|:|LB—|oxpl0t o 9 o8&

H

(0.439 £ 0.0794) kRAmMZ

Q
{0,101 £0.00111) kRAn - | o o(%:)o ° ooggw
D462 +0369) kGactPDEactr  H [H  + . . o0 %o ° 8%
@66.£05068) K2Gasik I—I:D-I . Parameter Carrelation Matrix (absalul 0 ° ZOOOO @ Ooé’ o Ooo )
(B.92e+003 + B27) k1Gact| ol T o o
{1.11 £ 0.0598) kRGactr |-|]-Io kG -
o 1 2 3 4 5 e

kRAm1
kGactPDEact
k2Gact
k1Gact

Correlations

kRGact
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Non GUI Estimation etc.

Parameter estimation does not require SBPDgui
All functions are available on the command line
Using MATLABs Cell Mode => ,,comfortable™ estimation

Create a RunEstimation script
In SBPDgui choose ,,Other"->"Create RunEstimation Script"
Navigate to the projectexample folder
Select RunEstimation as hame and save

Close SBPDgui

>> edit RunEstimation

% Delete line 11
% Change line 12 to sbp = SBPDproject('phototransduction project optimized') ;
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= Model Reduction

SBPDreducerateexpressions

Schmidt, H. et al. (2008) Complexity Reduction of Biochemical Rate
Expressions, Bioinformatics, doi: 10.1093/bioinformatics/btn035
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Model Reduction

Kinetic rate expressions can be very complex

Not always they do need to be so complex in order to describe the
behavior of interest

- [ Caley |
. ~ Vmax g
- il
| 4 lGe] F'lka';l +1 (1 1 [Glg | [GeP] | [Gle] |{iﬁl‘])
Ko F.@ﬂ: 1 Ko KiGsp Kok Kagsp

[Gie]

B V max Ka

Pl

1 + |{_il-:?] + |{_iﬁ|‘] + |{_il-:?] |f:iﬁ|‘] + (1 + |{il-:?| |)
- .0 g ﬁ } . ﬁ ]
Ka KiGsp Kaic Ksgsp P @m— 1 Gk

A K4|Gle] + K3[Gley]
*¢ 7 1+ K [GI][Gle,] + K5[G6P][Gle,]
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Model Reduction

The function SBPDreducerateexpressions allows to stepwise reduce
complex kinetic expressions

Here we demonstrate its use based on the previous modeling example,
where we unnecessarily used a Michaelis Menten term

A more complex example can be found in the
“SBPD\ EXAMPLES\ModredExample" folder

1G]
- max g

iGic
| 4 Gle] P 1?5';1 +1 | 4 [Gd | [G6P] 4 [Gid] [G6P]
Kok F.@k 1 Kok Kigsp Kox Kicsp
- |Gl
Vs T

- - w o Ty F.%_Tl:l}| . !
[Gic] , [G6P] , [Glc] [G6P] (G, |
I+ Koic + KiGsp + Kaic Kigsp + F'@ﬂ: 1 (1 + K{—,L.)
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Model Reduction

Load the optimized project

>> sbp = SBPDproject('phototransduction project_ optimized')

Run the model reduction
>> SBPDreducerateexpressions (sbp)
RESULT: Mass action kinetics is sufficient

More information

>> help SBPDreducerateexpressions % and of course the example in the SBPD examples
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Simulation of projects
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Simulation of Projects

Change into the ,Example Files/projectexample" folder

>> sbp = SBPDproject('phototransduction project optimized') % import the project

Created

reviousl
Compare measurements P y

>> SBPDcomparemeasurements (sbp) simulate all experiments and model in the project

and compare results to measurements

%
%

>> help SBPDcomparemeasurements

Manual tuning

>> SBPDmanual tuning (sbp) simulate selected experiments and model in the project

and compare results to measurements + allow tuning

o\ oo

>> help SBPDmanualtuning

These commands take a while to execute, since compilation is done
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Simulation of Projects

Simulating in silico experiments

>> model = SBPDgetmodel (sbp,1) % get first model from project sbp
>> experiment = SBPDgetexperiment (sbp, 2) % get second experiment from project sbp

>> SBPDinsilicoexp (model,experiment, [0:0.1:10])

Bsouw M=%
. |Tutur\a\Parl\HExampIe_\f\fT_2_51\mu\almn H TutorialPartiliExample,, T, timulation
Per default the result is plotted L S R B N =
P ==
o 2600 === ARRRE A [ R —&— BactPDEact
GactPDEact —8— Gr
or ; : d : : PDE (optimized valus)
< PUTIERRRNNN . U P RN NS S §
Ract : : : : : —6— Ract
Optionally, th It can b d |[& U e
ptionally, the result Can be save = RO I T T T, === S |
— Plot Formeat. 3 3 E : : : : . :
- (#) plat
CSV file SET S v NN U . N S N N NP " D
€ loglog 1 ; H 1 1 1
uuuuuuuuu
- () autacarrel 1
Excel file

— Export Figurs
E A |

0 1 2 3 4 3 B 7

Or as SBmeasurement be returned to the workspace

>> help SBPDinsilicoexp
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Simulation of Projects

Instead of extracting models and experiments in silico experiments can
directly be performed on projects:

>> modelindex = 1 % first model from project sbp
>> experimentindex = 2 % second experiment from project sbp
>> SBPDinsilicoexpproj (sbp,modelindex,experimentindex, [0:2:400]) % perform experiment

Per default the result is saved in a CSV measurement file

Optionally, the result can be
displayed using SBplot
saved as an Excel measurement file
returned to the workspace as an SBmeasurement

>> help SBPDinsilicoexp
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Commenting of projects
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Commenting a Project

A project folder can contain a notes. txt file
General information about the project
Focus of the project: why modeling, what to do with the model, etc.

Every folder in a project can contain additional files. For example:

Word(etc.) documents in the model or experiment folder(s), describing
things more in detail

Figures, spreadsheets, raw data files, ...

In this way the complete information about a modeling project can be
contained in the folder structure of an SBPDproject

LIMITATION: Experiment folders should only contain Excel or CSV files
that contain measurement data. However, these folders can contain
additional folders in which all kinds of information can be stored.
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Documenting the Validity of a Model

A model alone is NOT very useful
SBML model
*.txt or *.txtbc model

A model becomes useful if the following is known about it
For what purpose has the model been build?

Which experiments have been performed to generate data for fitting and
validation?

Under what conditions have the experiments been performed?
Etc.
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Documenting the Validity of a Model

Where to store that information in the framework of the SBTOOLBOX2?

In the projects

The notes.txt can contain the purpose of the model and general
assumptions

The model files can contain additional information

The experiment descriptions define the performed experiments and the
conditions under which these experiments have been performed

Don't exchange models! Exchange projects!
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Tutorial Outline

m General introduction to the SBPOP Package
m Model definition and simulation

m Systems Biology relevant topics

= Pharmacometrics / Systems Pharmacology relevant topics
= Model and dosing description

» Needed changes in SBmodels to allow for simulation of dosing scenarios
» Simulation of dosing scenarios
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Tutorial Outline

m General introduction to the SBPOP Package
m Model definition and simulation

m Systems Biology relevant topics

= Pharmacometrics / Systems Pharmacology relevant topics
= Datasets

= Import, export, conversion
= Analysis (plotting capabilities)
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Tutorial Outline

m General introduction to the SBPOP Package
m Model definition and simulation

m Systems Biology relevant topics

= Pharmacometrics / Systems Pharmacology relevant topics
= Interface to Monolix

m Creation of MLXTRAN Models
» Creation and execution of MLXTRAN Projects
» Import of Monolix results

Tutorial henning.schmidt@novartis.com




Tutorial Outline

m General introduction to the SBPOP Package
m Model definition and simulation

m Systems Biology relevant topics

= Pharmacometrics / Systems Pharmacology relevant topics
= PopPK/PD workflow
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Tutorial Outline

m General introduction to the SBPOP Package
m Model definition and simulation

m Systems Biology relevant topics

= Pharmacometrics / Systems Pharmacology relevant topics
= Clinical trial simulations
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Tutorial Outline

m General introduction to the SBPOP Package
m Model definition and simulation

m Systems Biology relevant topics

= Pharmacometrics / Systems Pharmacology relevant topics
= More complex modeling

= PBPK
= Antibody modeling
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Tutorial Goal: ,,You should now be able to"

= Systems Biology relevant topics
m Set up your own parameter estimation project
» Model description
= Measurement data
» Experiment descriptions
» Perform parameter estimation, identifiability analysis, etc.
= Analyze the resulting model

= Pharmacometrics / Systems Pharmacology relevant topics

» Define arbitrary ODE based traditional and/or mechanistic, PK, PKPD,
PBPK models

» Perform
» NLME estimation of parameters
» Clinical trial simulations
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THE END

Thank you for your participation and interest!
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