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[bookmark: _Toc308091368]Executive Summary

This deliverable outlines the clinical adaptation and optimization procedures regarding the three branches of the p-medicine Oncosimulator, namely the nephroblastoma (N) branch, the breast cancer (B) branch and the acute lymphoblastic leukemia (L) branch. 

For the N branch the simulation model parameters are presented in a tabular format. Subsequently, the effect of the parameter values on the virtual tumour characteristics is quantified. Special emphasis is put on the tumour growth, the tumour doubling time, the cellular constitution of virtual tumours and the chemotherapy induced tumour volume reduction. The model parameters are then adapted to anonymized real clinical nephroblastoma tumour cases.  A general methodology is presented followed by an outline of real nephroblastoma data sets and a number of adaptation assumptions. Adaptation results are presented for the real nephroblastoma cases considered and optimization aspects are briefly discussed. 

For the B branch the basic features and the internal information flow of the vascular tumour growth model are delineated. Results for an exploratory set of parametric simulations for the case of an untreated tumour are presented. Subsequently, a local fitting of the model to animal data is undertaken. A series of in vivo experiments in mice treated with bevacizumab is reproduced in silico. 

For the L branch a preliminary study exploiting clinical trial data for the clinical adaptation of the core model is presented. The clinical data made available is outlined. The cytokinetic model developed and adopted is delineated. The modelling approach of cancer growth and response to chemotherapy is described. Special emphasis is put on the modelling of the action mechanisms of the drugs considered (methotrexate and prednisone). A preliminary clinical adaptation study is presented. The adaptation methodology is followed by the corresponding results. The prediction of the L branch of the Oncosimulator parameter values is considerably supported by applying machine learning methods to gene expression data. A comparative exposition of several pathway based gene expression analysis methods is provided. A method for supporting the prediction of the  L branch of the Oncosimulator cell kill rate parameter value is outlined. The available data is described and approaches to the data preprocessing, missing value imputation and pathway level aggregation are presented. The latter refer to collapsing gene expression from probe to gene level, gene filtering, missing value imputation and gene-set / pathway level gene expression aggregation. Subsequently, the machine learning model developed is trained and cross-validation results are presented. A discussion of the approach complements the presentation of the clinical adaptation and optimization of the L branch branch of the p-medicine Oncosimulator.

An overall discussion is included at the end of the document.
I.  Introduction
In view of the envisaged clinical translation of the p-medicine Oncosimulator branches i.e. the nephroblastoma (N) branch, the breast cancer (B) branch and the acute lymphoblastic leukemia (ALL) branch, a clinical adaptation and optimization procedure of the constituent multiscale models has to be undertaken. Within this framework the present document is structured as follows.

Chapter N presents the simulation model parameters in a tabular format. Subsequently, the effect of the parameter values on the virtual tumour characteristics is quantified. Special emphasis is put on the tumour growth, the tumour doubling time, the cellular constitution of virtual tumours and the chemotherapy induced tumour volume reduction. The model parameters are then adapted to anonymized real clinical nephroblastoma tumour cases.  A general methodology is presented followed by an outline of real nephroblastoma data sets and a number of adaptation assumptions. Adaptation results are presented for the real nephroblastoma cases considered and optimization aspects are briefly discussed.

Chapter B presents the basic features and the internal information flow of the vascular tumour growth model. Results for an exploratory set of parametric simulations for the case of an untreated tumour are presented. Subsequently, a local fitting of the model to animal data is undertaken. A series of in vivo experiments in mice treated with bevacizumab is reproduced in silico. The clinical data made available is outlined. The cytokinetic model developed and adopted is delineated. The modelling approach of cancer growth and response to chemotherapy is described. Special emphasis is put on the modelling of the action mechanisms of the drugs considered (methotrexate and prednisone). A preliminary clinical adaptation study is presented. The adaptation methodology is followed by pertinent results.

Chapter L is divided into two sub-chapters. Sub-chapter L.1  presents a preliminary study exploiting clinical trial data for the clinical adaptation of the core model. The clinical data made available are outlined. The cytokinetic model developed and adopted is delineated. The modelling approach of cancer growth and response to chemotherapy is described. Special emphasis is put on the modelling of the action mechanisms of the drugs considered (methotrexate and prednisone).  A preliminary clinical adaptation study is presented. The adaptation methodology is followed by the corresponding results. Sub-chapter L.2 deals with the application of machine learning techniques on gene expression data in order to support the estimation of the parameter values of the L branch of the Oncosimulator. A comparative exposition of several pathway based gene expression analysis methods is provided. A method for supporting the prediction of the L branch of the Oncosimulator cell kill rate parameter value is outlined. The available data is described and approaches to the data preprocessing, missing value imputation and pathway level aggregation are presented. These refer to collapsing gene expression from probe to gene level, gene filtering, missing value imputation and gene-set / pathway level gene expression aggregation. Subsequently, the machine learning model developed is trained and cross-validation results are presented. A discussion of the approach complements the presentation of the clinical adaptation and optimization of the L branch branch of the p-medicine Oncosimulator.

At the end of the document an overall discussion is included.

N. Clinical adaptation and optimization of the nephroblastoma Oncosimulator using real clinical cases.

N.1 The simulation model parameters.

The nephroblastoma Oncosimulator developed by the In Silico Oncology Group (ISOG), National Technical University of Athens (NTUA) and serving as the core cancer multiscale simulation model of p-medicine is a predominantly discrete, clinically-oriented multiscale cancer model of solid tumour free growth and response to chemotherapy [N.1-N.4]. Several complex mechanisms involved in cancer such as proliferation, quiescence, differentiation and death (normal and chemo-induced) are incorporated in the model (Fig. N.1). Four basic cell categories i.e. stem, limited mitotic potential (LIMP), differentiated and dead cells are considered.  The transition rules between them (Fig. N.1) are described by the tumour dynamic parameters of the model (Table N.I). Other parameters are used to model the initial shape and volume of the tumour, the tumour density and the chemotherapeutic scheme. 

TABLE N.I: Definition of the model parameters describing tumour dynamics

	Symbol (units)
	Definition

	Tc (h)
	Cell cycle duration

	TG0 (h)
	G0 (dormant phase) duration, i.e. time interval before a dormant cell dies through necrosis

	TN (h)
	Time needed for necrosis to be completed and its lysis products to be eliminated from the tumour

	TA (h)
	Time needed for apoptosis to be completed and its products to be eliminated from the tumour

	RA (h-1)
	Apoptosis rate of living stem and LIMP tumour cells (fraction of non-differentiated cells dying through apoptosis  per hour)

	RADiff (h-1)
	Apoptosis rate of differentiated tumour cells  per hour

	RNDiff  (h-1)
	Necrosis rate of differentiated tumour cells  per hour

	PG0toG1
	The fraction of stem or LIMP cells having just left the G0 compartment that re-enter the cell cycle

	NLIMP
	The maximum number of mitoses that a LIMP cell can perform before becoming terminally differentiated

	Psym
	Fraction of stem cells that perform symmetric division.

	Psleep
	Fraction of cells that enter G0 phase following mitosis

	CKRVCR
	Cell kill rate for the specific vincristine dose

	CKRACT
	Cell kill rate for the specific actinomycin-D dose

	CKRTOTAL*
	Combined cell kill rate of the two drugs (dependent parameter)



TABLE N.II: Miscellaneous model parameters (unrelated to tumour dynamics)

	Other model parameters

	Input_image
	The initial tumour volume area defined by the annotated imaging data of the patient at time of diagnosis
	**.raw
	Imaging data

	NBC
	Number of biological cells typically contained within a geometrical cell (GC) of the discretizing mesh (assigned in relation to the GC volume)
	106
(for GC volume=1mm3)
	Based on typical tumour cell densities. [12]

	Margin percent
	Acceptable temporary over-loading or under-loading  of each geometrical cell as a fraction of unity
	0.1
	Based on exploratory runs

	Tinit (h)
	Time interval between the pre-treatment imaging data acquisition and the first drug administration
	-
	Clinical data or exploratory simulation data

	Tpt_scan (h)
	Time interval between the last drug administration and the post-treatment  imaging data acquisition
	-
	Clinical data or exploratory simulation data

	Tadmin,i
	Drug administration instants
	-
	Treatment protocol/clinical data
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Fig. N.1:  Generic cytokinetic model for tumour response to chemotherapy [N.2].
LIMP: limited mitotic potential cells, DIFF: terminally differentiated cells, G1: gap1 phase, S: DNA synthesis phase, G2: gap2 phase, M: mitosis phase, G0: dormant phase, Hit: Cells lethally hit by chemotherapy, CKR: Cell kill rate of the chemotherapeutic drugs. The sliding arrow indicates the point of the cell cycle at which cells are led to apoptosis and depends on the drugs mechanisms of action.

N.2 The effect of the Oncosimulator parameters on the virtual tumour characteristics.  

A thorough sensitivity analysis of the model parameters has been performed [N.2, N.3] leading to a sorting of the parameters according to the magnitude of their effect on virtual tumour characteristics and has unveiled the relative importance of the corresponding biological mechanisms 

N.2.1 Growth rate – Tumour doubling time 

The virtual tumour growth rate depends only on the population of stem cells which preserve the tumour population. The growth fraction of a biologically accepted tumour is defined according to the equation [N.5]:

 								                                  Equation N.1 


As depicted in eq.N.1 and based on the sensitivity analysis of the model [N.2, N.3], the most determinant model parameters on the growth fraction of virtual tumours are the following:
· Cell cycle duration (Tc)
· The fraction of stem cells that perform symmetric division (Psym). 
· The fraction of cells that enter G0 phase following mitosis (Psleep)
· Apoptosis rate of living stem and LIMP tumour cells (fraction of non-differentiated cells dying through apoptosis  per hour) (RA).

Other parameters that play a role in the value of the growth fraction of virtual tumour modeled, but with significantly reduced impact on it, are:
· the fraction of stem or LIMP cells having just left the G0 compartment that re-enter the cell cycle (PG0toG1 )
· G0 (dormant phase) duration (TG0)

Decreasing the parameters Tc, Psleep, RA and TG0 and/or increasing the parameters Psym, PG0toG1 lead to virtual tumours with higher growth fractions and lower doubling times i.e. more aggressive tumours. 

N.2.2 Cell constitution of virtual tumours

The percentage of proliferating stem cells in the total population increases for a higher fraction of stem cells that perform symmetric division (Psym), prolonged cell cycle duration (Tc) and lower loss rate due to spontaneous apoptosis (RA).  

The constitution of a tumour in terms of proliferating LIMP cells depends on two competitive mechanisms: the quantity of the producer (stem cells) of the LIMP population (Psym) and the rate of  production (1-Psym).  The duration of the cell cycle (Tc) and the loss rate (RA) also affect the LIMP proliferating population in a way similar to the one they affect the stem cell proliferating population.

The fraction of the dormant stem and LIMP cells depends on the rate of quiescence (Psleep), the rate of recycling (PG0toG1) and the remaining time in the dormant state before entering necrosis.

The relative percentages of stem and committed progenitor cells are defined by the maximum number of mitoses that a LIMP cell can perform before becoming terminally differentiated (NLIMP).
The differentiated population increases for a high percentage of LIMP cells and low rates of loss due to necrocis (RNDiff) and apoptosis (RADiff). 

The fraction of dead cells in the total population  increases if the loss rates (RA, RAdiff, RNDiff) of the other populations  increase or/and the time duration of the death products in the tumour bulk is prolonged (TN, TA). 

N2.3 Chemotherapy induced tumour volume reduction

The chemotherapy induced volume reduction depends upon the growth rate of the virtual tumour and the cell kill rate of the chemotherapeutic drugs in use. Subsequently the model parameters that play an important role in the simulated tumour volume reduction are the Tc, Psym, Psleep, RA and CKRTOTAL. More aggressive tumours have a worse response to chemotherapy due to the fast repopulation of  cancer cells. Increased effectiveness of chemotherapeutic drugs, leads to better therapeutic outcome. 

N.3 Adaptation of model parameters to real clinical nephroblastoma tumour cases. 

N.3.1 General methodology

First of all the miscellaneous model parameters (Table N.II) are adapted on a given patient. The real individualized imaging data is used to initialize the tumour region and the clinical data is used to set the chemotherapeutic scheme that  has been administered to the specific patient. Subsequently, the model parameters describing the free growth tumour dynamics (Table N.I) are to be adapted. Primarily the model parameters that predominantly determine the tumour rate (as summarized in section N.2.1) should be adapted. In case that histological data of the patient is available and provides information on the (initial or/and final) tumour cell constitution, further parameters (e.g. cell cycle phase durations) that define the population fractions of cell subclasses have also to be adapted accordingly (see section N.2.2) .

Finally the therapy related tumour dynamics parameters, defining the effect of the chemotherapeutic drugs, are to be adapted based on the chemotherapy induced tumour volume reduction.

N.3.2 Clinical nephroblastoma cases data

In the framework of the p-Medicine project, 17 nephroblastoma tumour cases have been collected in the context of SIOP 2001/GPOH trial and analyzed in this study. The histological data of the patients are presented in Table N.III.





TABLE N.III: The histological data of nephroblastoma tumour cases selected in the context of SIOP 2001/GPOH trial

	SIOP Number

	Histology
	Subpopulation
	Histological type

	
	Regression/ Necrosis left
	Regression/ Necrosis right
	Metastasis
	Blastemal
	Ephitelial
	Stromal
	Staging

	11351
	30%
	
	None
	85%
	10%
	5%
	blastemal predominant, high risk

	11570
	
	20%
	None
	
	
	
	mixed type, intermediate risk

	11590
	
	15%
	None
	
	
	
	mixed type with focal anaplasia, intermediate risk

	11627
	
	40%
	None
	5%
	60%
	35%
	mixed type, intermediate malignancy

	11628
	
	30%
	None
	5%
	25%
	70%
	stromal type, intermediate malignancy

	11639
	50%
	
	None
	0%
	90%
	10%
	regressive type, intermediate malignancy

	11803
	<65%
	
	None
	
	
	
	stromal type, intermediate malignancy

	11537
	
	<65%
	None
	
	30%
	70%
	stromal type, internediate malignancy

	11714
	<65%
	
	None
	60%
	25%
	15%
	mixed type, intermediate malignancy.

	11733
	<65%
	
	
	100%
	
	
	blastemal type, high malignancy

	11736
	
	<25%
	None
	
	
	
	mixed type, intermediate malignancy.

	11813
	
	<65%
	None
	
	
	
	mixed type, intermediate malignancy.

	11823
	90%
	
	None
	70%
	20%
	10%
	regressive type, intermediate malignancy.

	11845
	80%
	
	Lymphnodes

	
	
	
	diffuse anaplasia, high malignancy,

	11862
	5%
	
	None
	
	
	
	epithelial type, intermediate malignancy.

	11873
	
	<65%
	None
	20%
	40%
	40%
	mixed type, intermediate malignancy.

	11881
	
	80%
	None
	
	
	
	regressive type, intermediate malignancy.


*Bilateral nephroblastoma. **Not known.

As depicted in the above table (table N.III) 2 cases where blastemal predominant, 7 mixed type, 3 stromal, 3 regressive, 1 diffuse anaplasia and 1 epithelial nephroblastoma

TABLE N.IV: Clinical data of nephroblastoma tumour cases selected in the context of SIOP 2001/GPOH trial

	SIOP Number

	Date of diagnosis
	Start Chemo-therapy
	Cycle I (ACT:μg,
VCR:mg)
	Cycle II (VCR: mg)
	Cycle III (ACT: μg, VCR: mg)
	Cycle IV (VCR: mg)

	11351
	9/20/2005
	9/29/2005
	ACT: 931
VCR: 1,2
	VCR: 1,2
	ACT: 931
VCR: 1,2
	VCR: 1,2

	11570
	8/30/2006
	9/6/2006
	ACT: 570
VCR: 0,85
	VCR: 0,85
	ACT: 570
VCR: 0,85
	VCR: 0,85

	11590
	11/10/2006
	11/10/2006
	ACT: 900
VCR: 1,2
	VCR: 1,2
	ACT: 900
VCR: 1,2
	VCR: 1,2

	11627
	2/5/2007
	2/8/2007
	ACT: 610
VCR: 0,9
	VCR: 0,9
	ACT: 610
VCR: 0,9
	VCR: 0,9

	11628
	2/5/2007
	2/9/2007
	ACT: 880
VCR: 1,2
	VCR: 1,2
	ACT:880
VCR: 1,2
	VCR: 1,2

	11639
	3/21/2007
	3/23/2007
	ACT: 740
VCR: 1
	VCR: 1
	ACT:740
VCR: 1
	VCR: 1

	
11803
	7/18/2008
	7/18/2008
	ACT: 605
VCR: 0,89
	VCR: 0,89
	ACT: 605
VCR: 0,89
	VCR: 0,89

	11537
	6/13/2006
	6/15/2006
	ACT: 870 VCR: 1,2
	VCR: 1,2
	ACT: 870 VCR: 1,2
	VCR: 1,2

	11714
	10/24/2007
	10/25/2007
	ACT: 350 VCR: 0,49
	VCR: 0,49
	ACT: 350 VCR: 0,49
	VCR: 0,49

	11733
	12/6/2007
	12/10/2007
	ACT: 730 VCR: 1
	VCR: 1
	ACT: 730 VCR: 1
	VCR: 1

	11736
	12/18/2007
	12/19/2007
	ACT: 310 VCR: 0,47
	VCR: 0,47
	ACT: 300 VCR: 0,47
	VCR: 0,47

	11813
	8/21/2008
	8/23/2008
	ACT: 850 VCR:1,15
	VCR:1,15
	ACT: 850 VCR:1,15
	VCR:1,15

	11823
	9/23/2008
	9/25/2008
	ACT: 1224 VCR:1,53
	VCR:1,53
	ACT: 1224 VCR:1,53
	VCR:1,53

	11845
	11/25/2008
	11/25/2008
	ACT: 1200 VCR:1,50
	VCR:1,50
	ACT: 1200 VCR:1,50
	VCR:1,50

	11862
	1/14/2009
	1/19/2009
	ACT: 267 VCR: 0,42
	V: 0,42
	ACT: 267 VCR: 0,42
	VCR: 0,42

	11873
	1/30/2009
	2/4/2009
	ACT: 810 VCR: 1,1
	VCR:  1,1
	ACT: 810 VCR: 1,1
	VCR: 1,1

	11881
	3/10/2009
	3/11/2009
	ACT: 399 VCR: 0,55
	VCR: 0,82
	ACT: 581 VCR: 0,82
	VCR: 0,82




The anonymized imaging and clinical data has been collected by the clinicians in the framework of the SIOP 2001/GPOH trial and selected to be modelled by the ‘Oncosimulator’. The clinical data of the nephroblastoma cases describing the chemotherapeutic scheme administered are presented in table N.IV.The initial and final virtual tumours have been spatiotemporally initialized based on MRI images of the clinical tumours collected at two time instants before the start of chemotherapy and after its completion. 

N.3.3 Adaptation assumptions regarding the nephroblastoma cases

The three histological components of nephroblastoma (blastemal, epithelial and stromal) have different proliferating potential.The nuclear antigen Ki-67 is associated with cell proliferation, as it is present throughout the cell cycle and absent in resting cells [N.6] and is studied as a tumour proliferation marker. At a study [N.6] the marker ki-67 SI was evaluated in the three components of nephroblastoma and was found to possess the highest values in blastemal and epithelial components. The median ki-67 SI was determined to be 33% in blastemal cells, 10% in stromal cells and 29.5% in epithelial cells. The study included postchemotherapy nephroblastomas, treated with neoadjuvant chemotherapy before nephrectomy. These values will be serve as gross initial assumptions for the adaptation of the growth fraction of the final tumour.

For mixed type nephroblastoma , the growth fraction will be evaluated according to the Equation N.2:


(Equation N.2)

Where:
GF: Growth fraction, p: percentage of the component
In case the histological subpopulation is not defined, the percentages of the three components are considered equal (even). For anaplastic nephroblastomas, the median ki-67 SI in the blastemal component was 70%, 24% in stromal and 43% in epithelial cells.For regressive type nephroblastomas a median ki-67 Si of 9.5 % is considered. According to the above assumptions, the calculated growth fraction of the final tumour to be adapted for the 17 cases, is noted in table N.V. 

Another assumption for the adaptation of the nephroblastoma cases is a doubling time lying in the range of 11–40 days [N.7-N.11].

The imaging data based volume reduction is calculated for each nephroblastoma case (table N.V) and is subsequently used for the clinical adaptation procedure.
























 TABLE N.V: The chemotherapy induced tumour volume reduction for the nephroblastoma cases under study as calculated according to their imaging data before and after therapy.

	SIOP Number

	Relative clinical tumour volume reduction (%)
	Growth fraction of the final clinical tumour (%)

	11351
	-9
	33

	11570
	35
	24

	11590
	63
	24

	11627
	80
	18

	11628
	82
	10

	11639
	71
	10

	11803
	39
	10

	11537
	32
	10

	11714
	2
	27

	11733
	73
	33

	11736
	25
	24

	11813
	44
	24

	11823
	70
	10

	11845
	34
	58

	11862
	71
	30

	11873
	41
	22

	11881
	73
	10






N.3.4 Adaptation results

The acceptable temporary over-loading or under-loading of each geometrical cell as a fraction of unity is considered 0.1 for all the cases. All the cases undergo the chemotherapeutic treatment for Wilms tumour preoperative chemotherapy as defined by the SIOP trial treatment protocol and depicted in Fig. N.2.

[image: C:\Users\egeorg\Documents\PLoS\figures\figure2\figure2.tif]

Fig. N.2: The simulated Wilms tumour preoperative chemotherapy treatment protocol of the SIOP/GPOH clinical trial.

The time interval between the pre-treatment imaging data acquisition and the first drug administration, and the time interval between the last drug administration and the post-treatment imaging data acquisition per case are defined by the available clinical data and presented in Table N.VI.

The adapted values of the model parameters are presented in Table VII. The resultant initial and final virtual tumour characteristics as well as the resultant tumour reduction, are given in Table VIII. In Fig. 3 the time evolution of the simulated tumour volumes for the 17 cases are depicted.

TABLE N. VI: The time interval between the pre-treatment imaging data acquisition and the first drug administration, and the time interval between the last drug administration and the post-treatment  imaging data acquisition  for 17 cases of nephroblastoma

	Case
	Tinit (h)
	Tpt_scan (h)

	11351
	144
	0

	11570
	168
	120

	11590
	72
	96

	11627
	72
	24

	11628
	24
	144

	11639
	48
	96

	11803
	144
	240

	11537
	144
	0

	11714
	24
	312

	11733
	72
	96

	11736
	24
	120

	11813
	48
	96

	11823
	48
	96

	11845
	96
	48

	11862
	120
	216

	11873
	120
	192

	11881
	24
	120










TABLE N.VII: Values of dynamic model parameters assigned for the implementation of virtual tumours adapted to 17 clinical nephroblastoma cases.

	Symbol (units)
	Adapted values

	Case No
	11351
	11570
	11590
	11627
	11628
	11639
	11803
	11537
	11714

	Tc (h)
	24
	23
	25
	23
	23
	23
	23
	23
	23

	TG0 (h)
	96
	120
	96
	96
	96
	96
	96
	96
	96

	TN (h)
	20
	20
	20
	20
	20
	20
	20
	20
	20

	TA (h)
	6
	6
	6
	6
	6
	6
	6
	6
	6

	RA (h-1)
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001

	RADiff (h-1)
	0.045
	0.02
	0.015
	0.015
	0.005
	0.005
	0.003
	0.003
	0.018

	RNDiff  (h-1)
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001

	PG0toG1
	0.02
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01

	NLIMP
	7
	7
	7
	7
	7
	7
	7
	7
	7

	Psym
	0.50
	0.51
	0.49
	0.5
	0.45
	0.44
	0.46
	0.44
	0.49

	Psleep
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28

	CKRVCR
	0.28
	0.362
	0.334
	0.5
	0.43
	0.31
	0.29
	0.2
	0.277

	CKRACT
	0.19
	0.241
	0.223
	0.33
	0.28
	0.21
	0.19
	0.13
	0.185

	CKRTOTAL*
	0.47
	0.603
	0.557
	0.83
	0.71
	0.52
	0.48
	0.33
	0.462










	Symbol (units)
	
	Adapted values
	
	
	
	
	
	

	
	11733
	11736
	11813
	11823
	11845
	11862
	11873
	11881

	Tc (h)
	23
	23
	23
	23
	50
	23
	23
	20

	TG0 (h)
	50
	96
	96
	50
	50
	96
	96
	96

	TN (h)
	20
	20
	20
	20
	10
	10
	20
	10

	TA (h)
	6
	6
	6
	6
	6
	6
	6
	6

	RA (h-1)
	0.001
	0.001
	0.001
	0.001
	0.0005
	0.001
	0.001
	0.001

	RADiff (h-1)
	0.03
	0.018
	0.018
	0.004
	0.06
	0.01
	0.01
	0.005

	RNDiff  (h-1)
	0.001
	0.001
	0.001
	0.001
	0.001
	0.01
	0.001
	0.001

	PG0toG1
	0.01
	0.01
	0.01
	0.01
	0.1
	0.01
	0.01
	0.01

	NLIMP
	7
	7
	7
	7
	7
	7
	7
	7

	Psym
	0.49
	0.46
	0.48
	0.46
	0.5
	0.45
	0.47
	0.48

	Psleep
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28
	0.28

	CKRVCR
	0.37
	0.19
	0.28
	0.35
	0.19
	0.28
	0.28
	0.41

	CKRACT
	0.25
	0.13
	0.19
	0.23
	0.13
	0.19
	0.19
	0.27

	CKRTOTAL*
	0.62
	0.32
	0.47
	0.58
	0.32
	0.47
	0.47
	0.68








TABLE N.VIII: Initial and final virtual tumours characteristics and tumour volume reduction defined by the model parameters values presented in Table VII.

	Case
	11351
	11570
	11590
	11627
	11628
	11639
	11803
	11537
	11714

	Volume Doubling Time
	11.8
	10.5
	14.96
	11.69
	28.52
	40.38
	22.08
	40.38
	13.23

	Initial percentage of proliferating cells (Growth Fraction) (%)
	33.98

	27.35

	27.23

	26.47

	17.5

	14.49

	12.67

	11.05

	27.21


	Initial percentage of dormant cells (%)
	40.54

	39.41

	32.34

	32.98

	23.96

	20.24

	17

	15.44

	34.5


	Initial percentage of differentiated cells (%)
	13.88

	24.2

	31.21

	31.27

	50.95

	59.34

	65.61

	69.03

	28.44


	Initial percentage of dead cells (%)
	11.6

	9.04

	9.23

	9.43

	9.28

	5.94

	4.72

	4.48

	9.85


	Tumour volume reduction percentage (%)
	-9.78

	35.66

	63.84

	79.82

	80.17

	71.63

	38.86

	32.06

	2.58


	Final percentage of proliferating cells (Growth Fraction) (%)
	32.68
	24.79


	24.55

	17.38

	17.1

	9.3

	9.12

	9.32

	26.99


	Final percentage of dormant cells (%)
	42.12

	42.47

	34.14


	43.84

	36.51

	15.68

	12.63

	13.07

	34.64


	Final percentage of differentiated cells (%)
	13.22

	23.09

	31.35

	20.82

	32.69

	69.73

	74.31

	73.54

	28.54


	Final percentage of dead cells (%)
	11.98

	9.65

	9.97

	17.96

	13.7

	5.3

	3.94

	4.08

	9.83
























Cont. ↓

	Case
	11733
	11736
	11813
	11823
	11845
	11862
	11873
	11881

	Volume doubling time
	13.13
	22.08
	15.25
	21.86
	25.97
	11.69
	18.03
	12.44

	Initial percentage of proliferating cells (Growth Fraction) (%)
	36.02

	25.87

	26.92

	17.22

	61.1

	30.93
	21.76

	16.1


	Initial percentage of dormant cells (%)
	26.35

	34.7

	34.76

	12.97

	22.21

	38.52

	28.62

	23.17


	Initial percentage of differentiated cells (%)
	23.4

	28.9

	27.96

	62.12

	9.12

	19.52

	41.42

	54.45


	Initial percentage of dead cells (%)
	14.23

	10.53

	10.36

	7.69

	7.56

	11.03

	8.2

	6.28


	Tumour volume reduction percentage (%)
	72.81

	25.01

	24.56

	70.49

	34.06

	70.21

	41.75

	73.61


	Final percentage of proliferating cells (Growth Fraction) (%)
	33.93

	24.52

	43.53

	10.31

	59.39

	30.07

	20.79

	9.99


	Final percentage of dormant cells (%)
	27.48

	35.72

	36.66

	8.66

	22.77

	39.38

	28.65

	16.86


	Final percentage of differentiated cells (%)
	24.05

	29.23

	28.12

	74.56

	8.74

	19.35

	42.3

	67.6


	Final percentage of dead cells (%)
	14.53

	10.53

	10.66

	6.46

	9.11

	11.2

	8.26

	5.55
























Fig. N.3  ↓  Time evolution of tumour volume for  virtual tumours defined in Table N.VII. ( 16 panels)

























Fig. N.3: Time evolution of tumour volume for 17 virtual tumours defined in Table N.VII.

The fitting of the selected 17 nephroblastoma cases to the clinical data demonstrates the basic philosophy of the model adaptation. This is based  on the combined use of the available multiscale clinical and literature data. The availability of multiscale medical data imposes constraints on the possible model parameter values. A possible set of model parameters has been assigned to each case leading to a virtual tumour with resulting characteristics in accordance with the available medical data.  

As the available information regarding a particular tumour characteristics becomes richer and richer,  a narrowing of the window of possible solutions is expected.  Additionally, efforts to achieve an adequate ‘‘tuning’’ of the simulation results to reality may provide valuable hints concerning the tumour characteristics for which parameter value estimates may be missing. Currently efforts to exploit the information provided by microRNA differential expression profiles is under way. In this way estimates of the internal histological constitution of nephroblastoma tumours may be produced before the start of chemotherapy. This is expected to considerably improve the reliability of the N Oncosimulator.
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B. Report on the clinical adaptation and optimization of the breast cancer Oncosimulator models. In silico studies.

The objective of the breast cancer branch of the Oncosimulator is to simulate the response of clinical breast tumours to specific treatment schemes and/or schedules in the patient individualized context. To this end, a continuum approach describing vascular tumour growth under angiogenic signaling has been developed based on relevant literature (Poleszczuk et al., 2011; Hahnfeldt et al., 1999) and bevacizumab pharmacokinetic properties have been incorporated (Argyri et al., 2012). Thus, the mono-therapy effect for the specific anti-angiogenic inhibitor, which probably is the most popular representative of the wider family of antiangiogenic agents in clinical practice, has been simulated and the results produced by the continuum approach have been thoroughly studied. Additionally, a discrete entity – discrete event breast cancer model addressing the chemotherapeutic effect has been developed (see Chapter 3 in deliverable D12.3) and vinorelbine pharmacokinetic properties have been modelled. Finally, a coupling approach between the dynamical system describing vascular tumour growth and the cytokinetic breast cancer model that stems from previous work of the In Silico Oncology Group (ISOG) (Stamatakos et al., 2010) is in progress in order to account for the effect of concomitant administration of anti-angiogenic treatment and cytotoxic agents.

The main focus of the chapter is twofold: first to present an exploratory parametric analysis that has been conducted in order to gain insight into the free growth dynamics of a vascularized tumour. Additionally, to present the local fitting of both the free growth and the treatment module of the vascular tumour growth model to actual experimental data concerning the in vivo study of solid tumours that has been performed and to outline the ongoing process of global fitting so as to acquire an initial confirmation that the underlying mathematical model (Hahnfeldt et al., 1999; Poleszczuk et al., 2011; Argyri et al., 2012) is indeed tailored to the nature of the problem under study.

B.1 Basic features and internal information flow of the vascular tumour growth model

The scientific problem to be addressed consists not only of the description of tumour development but also of the description of the key-process called angiogenesis, the anti-angiogenic treatment effect and last but certainly not least, the elucidation of the interdependencies among the aforementioned three processes. To this end, the mathematical model  describing the problem under study has been based on the approach of (Poleszczuk et al., 2011) which stems from previous work of (Hahnfeldt et al., 1999).

All major biological phenomena of cancer cell population dynamics are incorporated into the model i.e. cancer cell proliferation, cancer cell apoptosis, post-vascular dormancy (state where tumour growth ceases due to the balance achieved between pro-angiogenic and antiangiogenic factors), endothelial cell death, spontaneous loss of functional vasculature, excretion of endogenous proangiogenic factors (such as vascular endothelial growth factor, fibroblast growth factors, platelet-derived growth factor, angiopoietin-1 etc.), excretion of endogenous anti-angiogenic factors (angiostatin, endostatin, angiopoietin-2 etc.) and anti-angiogenic treatment – induced endothelial cell death as well as the resulting cancer cell death.

The implicit assumptions on which the basic framework of the model is based are that the tumour is a three dimensional spheroid, the diffusion process is in a quasi-stationary state i.e. the tumour growth rate as well as the rate of change of drug concentration are relatively small compared to the rate of distribution of angiogenesis stimulators and the concentration of the stimulator is a radially symmetric function.

The model of (Poleszczuk et al., 2011) makes use of the concept of a variable carrying capacity i.e. the maximal tumour volume that can be supported by the given vasculature which was originally introduced in (Hahnfeldt et al., 1999). The dynamical system described in (Poleszczuk et al., 2011) consists of a pair of ordinary differential equations (ODEs) which reflect the interplay between tumour volume (V) and carrying capacity (K). 

The model of vascular tumour growth under anti-angiogenic treatment consists of three – components: a tumour compartment monitoring the rate of change of the tumour volume V under the assumption of Gompertzian growth, a vascular compartment keeping track of the temporal evolution of the carrying capacity of the cancer cell population and finally an anti-angiogenic treatment compartment monitoring the time-course of bevacizumab concentration in plasma based on a two-compartmental pharmacokinetic model (Bertrand and Mentré, 2008). The authors proceeded with the implementation of the model in MATLAB. The details concerning the m-files involved in the implementation of the model are listed and explained below.

DrugConcentration.m:  This function implements the two-compartmental pharmacokinetic model for administration via intravenous infusion (as it is the case for bevacizumab in clinical practice). It calculates the concentration of the anti-angiogenic agent at each time point taking into account all previous infusions.

VascularTumourGrowth.m:  This function computes the derivatives involved in the ODEs describing tumour growth rate and carrying capacity rate of change (Fig. B.1).

VascularTumourGrowth_main.m: Given the initial values (V0, K0) and a time interval, the specific script file resolves the problem with the solver ode45 which implements a Runge Kutta method with a variable time step for efficient computation. It also plots the variables V and K (representing tumour volume and tumour capacity, respectively) as functions of time in common axial system as well as the phase – plane of the system.

It is worth noting that the experiments of free growth, constant treatment and intermittent treatment have been performed on a desktop computer with an AMD Phenom(tm) II X6 1055T Processor 2.80 GHz, 8.00GB RAM in Windows 7 with 64 – bit operating system and that the code execution time is of the order of a few seconds.

Fig. B.1 demonstrates the information flow inside the vascular tumour growth under anti-angiogenic treatment model.
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Fig. B.1: The information flow inside the vascular tumour growth under anti-angiogenic treatment model

The parameters and the variables involved in the equations of the vascular tumour growth model are explained in Table B.1 while the parameters and the variables of the two compartmental pharmacokinetic model are explained in Table B.2.



TABLE B.1 Variables and parameters related to the vascular tumour growth model.

	
	Mathematical Symbol
	Units
	Description

	Independent variable
	t
	days
	time

	Dependent Variable
	V
	mm3
	tumour volume

	Dependent Variable
	K
	mm3
	tumour capacity

	Parameter
	λ1
	day-1
	Gompertzian growth constant

	Parameter
	λ2
	day-1
	proportionality constant related to the term reflecting the spontaneous loss of functional vasculature

	Parameter
	c
	mg/
(ml·day· mm3p )
	proportionality constant related to the term reflecting endogenous stimulation of the tumour upon the vasculature

	Parameter
	d
	1/(day  · mm2)
	proportionality constant related to the term reflecting endogenous inhibition of tumour  vasculature

	Parameter
	α
	mg /(mm3p    · ml)  
	constant related to the total amount of stimulators inside the tumour

	Parameter
	β
	mm3p
	constant related to the total amount of stimulators inside the tumour

	Parameter
	p
	≥0
	Hill coefficient

	Parameter
	I
	mg/ml
	drug concentration in plasma





TABLE B.2 Variables and parameters related to the two–compartmental pharmacokinetic model that computes bevacizumab concentration in plasma for a given time-point (Bertrand and Mentre, 2008).

	
	Mathematical Symbols
	Units
	Description

	Independent variable
	t
	day
	time-point

	Dependent variable
	I
	 mg/ml
	bevacizumab concentration in plasma 

	Parameter
	n
	-
	number of infusions to be administered

	Parameter
	D
	mg
	dose

	Parameter
	T
	day
	infusion duration

	Parameter
	
Vp
	
 ml
	volume of central compartment

	Parameter
	
k12
	
day-1
	transfer constant from central to peripheral compartment

	Parameter
	
k21
	
day-1
	transfer constant from peripheral to central compartment

	Parameter
	ke
	day-1
	rate of elimination

	Parameter
	-
	mg/kg
	dosage

	Parameter
	-
	kg
	patient’s weight

	Parameter
	ti 
	day
	administration time-points of anti-angiogenic treatment




B.2 Results of an exploratory set of parametric simulations for the case of an untreated tumour

A parameter analysis has been conducted in order to investigate the impact of the input factors on the output of the model as well as to identify the model parameters exerting the greatest influence on the model predictions. To this end, firstly a varying one parameter at a time approach has been selected and subsequently the combined effect of all combinations of input parameters has been studied so as to provide insight into the dynamic behaviour of an untreated solid tumour. 

In the free growth module, the vascular tumour growth model reduces to the following form:
[image: ]                                            (B.1)

                    (B.2)
Taking into account the fitting of the Hahnfeldt et al. model to the experimental data where λ2 has been calculated as equal to 0, the term reflecting spontaneous loss of functional vasculature has been omitted. Consequently, the input parameters to be varied are λ1, c and d.

The impact of the input parameters is measured with respect to their effect to the value of the plateau reached by the tumour (in mm3) as well as to the time-point of its attainment (in days). To this end, the formulated two assumptions are noted:
· The tumour is assumed to have reached the plateau when the whole number part of the value of tumour volume coincides with the respective one of carrying capacity for at least ten consecutive simulation time-steps.
· The time-point that corresponds to the first of the aforementioned time-steps is considered as the exact time of plateau and the repeated value as the value of the plateau.

The aforementioned end-points have been chosen so as to reflect the dynamics of the untreated disease. Were the parameter investigation conducted in the context of the therapy module, different end – points should also be selected and specifically end-points interpretable as efficacy measures of the administered anti-angiogenic treatment, such as tumour growth inhibition or tumour volume reduction.

As an initial step, the perturbation of one parameter at a time by a uniform 20 percent (%) either side of the reference value (Hahnfeldt et al., 1999) has been performed. 

Parameter λ1: A proportionality constant with units of 1/day involved in the equation describing the rate of change of tumour volume V. λ1 is the only parameter directly involved in the mathematical description of vascular tumour growth rate and as such it implicitly reflects the doubling time of the simulated tumour.

All parameters have been kept constant while λ1 has been perturbed by a uniform 20 percent either side of the base value (blue line) which has been set equal to 0.192 1/day (Hahnfeldt et al., 1999). Values 0.192, 0.2304 and 0.1536 1/day have been assigned to λ1 in the context of the parameter analysis.

Taking equation (B.1) into account, it is expected that for untreated disease higher values of λ1 would result in a more aggressive tumour. Indeed, as demonstrated in Fig. B.2, increasing the value of λ1 leads to a faster growing tumour, while decreasing the value of λ1 has the opposite effect, namely it leads to a less aggressive tumour. From the viewpoint of the selected endpoints, a closer inspection of Fig. B.2 reveals the impact of parameter λ1 to the actual time-point that the tumour attains the plateau. On the contrary, the specific parameter does not seem to affect the value of the plateau. The measured effect is presented in Table B.3.

Parameter c:  A proportionality constant involved in the equation describing the rate of change of the carrying capacity and specifically in the term representing the stimulatory capacity of the tumour upon the inducible vasculature, with units of 1/day. All parameters have been kept constant, while c has been perturbed by a uniform 20 percent either side of the base value (blue line), which has been set equal to 5.85 1/day (Hahnfeldt et al., 1999). Values 5.85, 7.02 and 4.68 1/day have been thus assigned to c. According to equation (B.2) an increased value of parameter c would result in a higher angiogenic stimulatory capacity of the tumour and thus to a faster growing tumour. Similarly, decreasing c would result in a  more slowly growing tumour, a conclusion that is also corroborated in a graphical way (Fig. B.2). The great impact of perturbing c in the actual value of the plateau attained by the tumour is presented in Table B.3.

Parameter d:  A proportionality constant involved in the equation describing the rate of change of the carrying capacity and specifically in the term representing the endogenous inhibition of previously generated vasculature with units of day-1·mm-2. All parameters have been kept constant, while d has been perturbed by a uniform 20 percent either side of the base value (blue line), which has been set equal to 0.00873 day-1·mm-2 (Hahnfeldt et al., 1999). Values 0.00873, 0.010476 and 0.0069841/day have been thus assigned to d. According to equation (B.2), high values of parameter d lead to tumours with high endogenous inhibition of previously generated vasculature and faster growing tumours. In a similar way, lower values of d correspond to tumours with small concentrations of angiogenesis inhibitors and thus, to slower growing tumours (Fig. B.2). The significant impact of perturbing d in the actual value of the plateau attained by the tumour is presented in Table B.3.
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Figure B.2: The effect of perturbating parameters λ1, c and d respectively on the volume of the untreated tumour when all other parameters are kept constant at the reference values adopted in (Hahnfeldt et al., 1999). 











TABLE B.3 Effect of varying the input parameter value on the value of the tumour plateau as well as on the time-point of its attainment

	Parameter values
	Units
	Time of plateau (days)
	Value of plateau (mm3)
	Variation of the plateau value (%)

	λ1
	reference value
	0.192
	day-1
	90
	17346
	n/a

	
	+20%
	0.2304
	
	76
	17346
	0

	
	-20%
	0.1536
	
	112
	17346
	0

	c
	reference value
	5.85
	day-1
	90
	17346
	n/a

	
	+20%
	7.02
	
	92
	22802
	+31.45%

	
	-20%
	4.68
	
	90
	12412
	-28.44%

	d
	reference value
	0.00873
	day-1·mm-2
	90
	17346
	n/a

	
	+20%
	0.010476
	
	84
	13195
	-23.93%

	
	-20%
	0.006984
	
	93
	24242
	+39.76%



As it becomes obvious from examining Fig. B.2 and Table B.3, c and d, related to the total amount of angiogenic stimulators and inhibitors respectively, are the main modulators of the value of the plateau attained by the tumour, while λ1 is the main modulator of the time-point that the tumour reaches the plateau.

In fact, two extra sets of simulations have been conducted, aiming at determining  in a graphical way the shortest path to a more aggressive and to a less aggressive tumour respectively, varying only one parameter at a time. Hence, we proceed with the demonstration of the effect of perturbing λ1 (green curve) and c (red curve) by a uniform +20% and d (light blue curve) by a uniform -20% of the respective reference values (Fig. B.3) in common axial system so as to construct a more aggressive tumour.  Following this, the effect of perturbing λ1 (green curve) and c (red curve) by a uniform -20% and d (light blue curve) by a uniform +20% of the respective reference values (Fig. B.3) in order to construct a less aggressive tumour is presented.  
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Figure B.3: The effect of perturbing λ1, c and d by a 20% in order to construct a more aggressive tumour and a less aggressive tumour respectively.

The results that have come up through graphic representation suggest that c, i.e. the parameter that reflects the concentration of angiogenesis stimulators, is the most sensitive parameter to changes that create a more aggressive tumour, while d, i.e. the parameter that relates to angiogenic stimulatory capacity, seems to be the most sensitive parameter to changes that create a less aggressive tumour. This may be suggesting that anti-angiogenic treatment aiming at reducing the amount of angiogenic stimulators (i.e. anti-angiogenic agent bevacizumab) could be a more efficient approach than increasing the amount of angiogenic inhibitors in the tumour.

However, a closer inspection of the two comparative graphs reveals a dependence of the sensitivity on the final time- point considered.  For example, if one considers a final time-point in the exponential phase of the tumour (e.g. day 15 at ‘towards a less aggressive tumour’ scenario), λ1 is the most influential input parameter.

Due to the limited number of parameters involved in the free growth module of the model, it has become feasible to conduct a study of the effect of varying all existing combinations of input parameters. Extending the parametrer investigation in such way can prove very significant, especially in cases where a positive or a negative correlation between input parameters may exist. For example, a tumour secreting a large amount of angiogenic stimulators is probably characterized by a smaller doubling time, a fact suggesting that perturbing parameters λ1 and c at the same time would be of potential interest. Similarly, a tumour characterized by large endogenous inhibition of tumour vasculature would be expected to have greater doubling time and thus studying the effect of perturbing both λ1 and d could prove useful.

The combined effect of λ1 and c, λ1 and d, c and d as well as λ1, c and d towards obtaining a more aggressive and a less aggressive tumour has been demonstrated (Fig. B.4) using a 20% perturbation either side of the reference value. As the results of the specific parameter investigation suggest (Fig. B.4, Table B.4), (c, d) seems to be the most influential couple, a conclusion expected as the specific dyad is comprised of the two parameters that, according to the one-at-a-time parameter analysis, exert the greatest impact on the plateau value attained by the tumour (Fig. B.3, Table B.3). A closer inspection of Table B.3 and Table B.4 also corroborates the prior conclusion that λ1 does not affect the value of the plateau. Indeed, comparing the respective columns in Table B.3 and Table B.4, it becomes obvious that perturbing the dyads (λ1, c) and (λ1, d) has exactly the same effect as varying only c and d respectively, with respect to the value of plateau. However, parameter λ1 seems to modulate the timing of plateau either by accelerating it or delaying it depending on whether one increases or decreases its value respectively. As expected, perturbing all parameters involved in the vascular tumour growth model at the same time demonstrates the most pronounced influence of all other parameter combinations tested so far whether the aim is a more aggressive tumour or the opposite.
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Figure B.4: The combined effect of perturbing all parameter dyads by a 20% so as to construct a more aggressive tumour (green line) and a less aggressive tumour (red line) respectively.
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Figure B.5: The combined effect of perturbing λ1, c and d by a 20% so as to construct a more aggressive tumour (green line) and a less aggressive tumour (red line) respectively.

Table B.4: Combined effect of varying the input parameters value on the value of the tumour plateau as well as on the time-point of its attainment

	Combination of parameters
	Variation
	Time of plateau (days)
	Value of plateau (mm3)
	Variation of plateau value (%)

	baseline
	(λ1ref, cref, dref)
	76
	17346
	n/a

	(λ1, c)
	(1.2·λ1ref, 1.2·cref)
	78
	22802
	+31.45%

	
	(0.8·λ1ref, 0.8·cref)
	112
	12412
	-28.44%

	(λ1, d)
	(1.2·λ1ref, 0.8·dref)
	78
	24242
	+39.76%

	
	(0.8·λ1ref, 1.2·dref)
	116
	13196
	-23.92%

	(c, d)
	(1.2·cref, 0.8·dref)
	95
	31866
	+83.71%

	
	(0.8·cref, 1.2·dref)
	94
	9442
	-45.57%

	(λ1, c, d)
	(1.2·λ1ref, 1.2· cref, 0.8·dref)
	80
	31867
	+83.71%

	
	(0.8·λ1ref, 0.8· cref, 1.2·dref)
	102
	9441
	-45.57%





B.3 Local fitting of the model: reproducing a series of in vivo experiments in mice treated with bevacizumab

The next step following the development of the previously outlined continuum approach describing vascular tumour growth under angiogenic signaling and its extension via the inclusion of bevacizumab pharmacokinetics further strengthens the fact that the mathematical structure of the model reflects the nature of the problem under study. To this end, we proceed with the reproduction of a series of in vivo experiments in mice treated with bevacizumab. Eight  in vivo experiments conducted in mice bearing breast, lung (H226), head and neck (SCC1) as well as  colon (HCT116, HT29, HCP40 and HP40) tumour xenografts have been selected through relevant literature (Higgins et al., 2007; Hoang et al., 2012; Selvakumaran et al., 2008) in order to fit the specific modelling approach to actual experimental data in vivo. These experiments have aimed at examining the anti-tumour activity of bevacizumab mono-therapy and combination treatment.

For the needs of the adaptation of the model to actual experimental data, the code has been properly adjusted via the implementation of two extra m-files. Specifically, a cost function has been defined as the difference of the model prediction from the actual value for the available instances of experimental data. The goal of the adaptation process is to minimize the objective function in order to obtain the most accurate estimates of the variables under study. Hence, a script file has been implemented so as to specify the parameter values that minimize the squared value of the objective function of each data-point using the  Matlab function lsqnonlin.

In order to quantify the experimental data obtained through relevant literature (Higgins et al., 2007; Hoang et al., 2012; Selvakumaran et al., 2008), the PlotDigitizer software has been utilize. The latter allows the extraction of data (mean value ± standard deviation) via its digitization.

Starting from the reference input parameter values stated in (Hahnfeldt et al., 1999; Poleszczuk et al., 2011), which stem from thorough and extended fitting of the basic core of the model to experimental data from anti-angiogenically treated and untreated Lewis lung tumours in mice, local fitting has been performed with respect to the four non-zero parameters involved in the vascular tumour growth model (λ1, c, d, β) while in accordance to (Poleszczuk et al., 2011), we set α=1. The values of the parameters involved in the two – compartmental pharmacokinetic model are adopted from (Wu et al., 2012) and are also only applicable to the case of host – mouse.

While it has been originally expected to determine one quadruple per experiment, we have ended up with one quadruple per experimental curve, a fact that is probably related to the heterogeneity among animal groups consisting of a small number of mice. In general, a good agreement of the simulations with experimental data has been observed, a fact that supports the validity of the underlying model. All results have been obtained with a maximum termination tolerance on the function value equal to 10-6. 

Questions have emerged about a few cases where a not satisfying fit has been obtained. Among possible causes could have been human error in digitization of the experimental data by utilizing the  PlotDigitizer software and the locality of the selected fitting method. Indeed, local solvers such as lsqnonlin provide the user with a local minimum depending on the selected starting point, but not necessarily the best or global minimum. This means that had the solver been initialized at different parameter values than the selected ones (reference values concerning an untreated tumour (Hahnfeldt et al., 1999; Poleszczuk et al., 2011)), better results could have come up. This claim is also supported if one takes into account that the aforementioned fitting difficulty seems to mostly occur in the therapeutic module of the model and especially in cases of large dosage administration (15 mg/kg, 25 mg/kg) where a greater perturbation of free growth parameter values is expected.

In order to address the aforementioned limited discrepancies, numerous actions need to be taken. First of all, actual clinical data concerning breast cancer patients should be provided by the respective p-medicine partners so as to elucidate as soon as possible the exact reasons of the occurrence of these incidents and act accordingly. For the time being due to the  lack of clinical data, extra experimental datasets are extracted from relevant literature in order to corroborate our previous conclusions, risking however the human error due to the digitization of the experimental data with the use of PlotDigitizer software. Last but not least, the global fitting of the model is currently conducted by using the Multistart solver in Global Optimization Toolbox, which runs the selected local solver from multiple starting points, in order to attempt to determine solutions for the problematic cases of fitting encountered so far. Until now, Multistart has been used in conjuction with the Matlab functions lsqnonlin, fmincon and fminsearch.

Description of simulated experiments and local fitting results

Experiment 1: In the context of a mono-therapy antitumour efficacy study, twenty mice bearing KPL-4 human estrogen receptor-negative breast adenocarcinoma xenografts were divided into a vehicle and a treatment group dosed with bevacizumab at 5 mg/kg twice weekly intraperitoneally (Higgins et al., 2007). The results of the local fitting are presented in Table B.5 and Fig. B.6.

Experiment 2: In the context of a combination treatment antitumour efficacy study, twenty mice bearing KPL-4 human estrogen receptor-negative breast adenocarcinoma xenografts were divided into a vehicle and a treatment group dosed with bevacizumab at 5 mg/kg twice weekly intraperitoneally (Higgins et al., 2007). The results of the local fitting are presented in Table B.5 and Fig.B.6.
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Fig. B.6 Graphical representation of the fitting results of the vascular tumour growth model to the experimental data concerning KPL-4 human estrogen receptor-negative breast adenocarcinoma xenografts that were extracted from (Higgins et al., 2008) 











TABLE B.5 Parameter values that were specified through locally fitting the vascular tumour growth model to experimental data extracted from (Higgins et al., 2007)

	STUDY
	EXPERIMENTAL GROUP
	λ1
	c
	d
	α
	β

	MONO-THERAPY
	CONTROL
	0.1208
	0.9329
	0.0089
	1
	1

	
	TREATMENT
(5 mg/kg)
	0.0045
	29.6758
	0.0007
	1
	32.3360

	COMBINATION TREATMENT
	CONTROL
	0.1370
	1.0226
	0.0078
	1
	1

	
	TREATMENT
(5 mg/kg)
	0.0641
	8.5535
	0.0290
	1
	1.3135



Experiment 3: Four groups of athymic mice bearing H226 xenografts (lung cancer cells) were treated with IgG (control) or 3 dose levels of bevacizumab (1, 5 and 25 mg/kg intraperitoneally) twice weekly for a total of 9 doses (3 mice per group) (Hoang et al., 2012). The results of the local fitting are presented in Table B.6 and Fig. B.7.

Experiment 4: Four groups of athymic mice bearing SCC1 xenografts (head and neck cancer cells) were treated with IgG (control) or 3 dose levels of bevacizumab (1, 5 and 25 mg/kg intraperitoneally) twice weekly for a total of 9 doses (3 mice per group) (Hoang et al., 2012). The results of the local fitting are presented in Table B.6 and Fig. B.8.
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Fig. B.7 Graphical representation of the fitting results of the vascular tumour growth model to the experimental data concerning head and neck tumour xenografts (Selvakumaran et al., 2008)


[image: ]
Fig. B.8 Graphical representation of the fitting results of the vascular tumour growth model to the experimental data concerning head and neck tumour xenografts (Selvakumaran et al., 2008)



TABLE B.6 Parameter values that were specified through locally fitting the vascular tumour growth model to experimental data extracted from (Hoang et al., 2012)

	CELL LINE
	EXPERIMENTAL GROUP
	λ1
	c
	d
	α
	β

	H226 (lung cancer cells)
	CONTROL
	0.0986
	1.3031
	0.0031
	1
	1

	
	TREATMENT 1
(1 mg/kg)
	0.048
	5.7895
	0
	1
	1.0917

	
	TREATMENT 2
(5 mg/kg)
	0.0651
	1.8368
	0.0024
	1
	1

	
	TREATMENT 3
(25 mg/kg)
	0.9281
	9.4755
	0.0761
	1
	1.122

	HSCC1 (head and neck cancer cells)
	CONTROL
	0.0721
	2.2437
	0.0036
	1
	1

	
	TREATMENT 1
(1 mg/kg)
	0.0394
	4.9097
	0
	1
	2.5541

	
	TREATMENT 2
(5 mg/kg)
	0.111
	1.4957
	0.0045
	1
	1

	
	TREATMENT 3
(25 mg/kg)
	0.0801
	4.5639
	0.0006
	1
	1.2544




	
Experiment 5: Xenograft mouse tumour models of colon cancer cell lines HCT116 were divided in a control and a treatment group. The treatment group received 15 mg/kg of bevacizumab intraperitoneally twice weekly for four weeks, while the control group received the same amount of nonspecific murine IgG antibody (Selvakumaran et al., 2008). The results of the local fitting are presented in Table B.7 and Fig. B.9.

Experiment 6: Xenograft mouse tumour models of colon cancer cell lines HT29 were divided in a control and a treatment group. The treatment group received 15 mg/kg of bevacizumab intraperitoneally twice weekly, while the control group received the same amount of nonspecific murine IgG antibody (Selvakumaran et al., 2008). The results of the local fitting are presented in Table B.7 and Fig.  B.9.

Experiment 7: Xenograft mouse tumour models of colon cancer cell lines HCP40 were divided in a control and a treatment group. The treatment group received 15 mg/kg of bevacizumab intraperitoneally twice weekly, while the control group received the same amount of nonspecific murine IgG antibody (Selvakumaran et al., 2008). The results of the local fitting are presented in Table B.7 and Fig. B.9.

Experiment 8: Xenograft mouse tumour models of colon cancer cell lines HP40 were divided in a control and a treatment group. The treatment group received 15 mg/kg of bevacizumab intraperitoneally twice weekly, while the control group received the same amount of nonspecific murine IgG antibody (Selvakumaran et al., 2008). The results of the local fitting are presented in Table B.7 and Fig. B.9.
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Figure B.9 Graphical representation of the fitting results of the vascular tumour growth model to the experimental data that were extracted to (Selvakumaran et al., 2008)





















TABLE B.7 Parameter values that were specified through locally fitting the vascular tumour growth model to experimental data extracted from (Selvakumaran et al., 2008)

	CELL LINE
	EXPERIMENTAL GROUP
	λ1
	c
	d
	α
	β

	HCT116
	CONTROL
	0.0986
	1.3031
	0.0031
	1
	1

	
	TREATMENT
(15 mg/kg)
	0.048
	5.7895
	0
	1
	1.0917

	HCP40
	CONTROL
	0.0651
	1.8368
	0.0024
	1
	1

	
	TREATMENT
(15 mg/kg)
	0.9281
	9.4755
	0.0761
	1
	1.122

	HT29
	CONTROL
	0.0721
	2.2437
	0.0036
	1
	1

	
	TREATMENT
(15 mg/kg)
	0.0394
	4.9097
	0
	1
	2.5541

	HP40
	CONTROL
	0.111
	1.4957
	0.0045
	1
	1

	
	TREATMENT
(15 mg/kg)
	0.0801
	4.5639
	0.0006
	1
	1.2544
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L. Report on the clinical adaptation and optimization of the acute lymphoblastic leukemia (ALL) Oncosimulator models. In silico studies

L.1 ALL: A preliminary study exploiting clinical trial data for the clinical adaptation of the core model

L.1.1 Introduction

In the present chapter a preliminary clinical adaptation study of the ALL branch of the Oncosimulator is presented. The study is focused on the cytotoxic efficacy of prednisone, as expressed by the apparent cell kill rate (CKR) of the drug, i.e. the fraction of cancer cells that are lethally hit by the drug after each chemotherapeutic session. The CKR can be thought of as summarizing important genetic determinants influencing the tumour response to prednisone prephase therapy. Here, a plausible value of the apparent cell kill rate (CKR) of prednisone, one of the model input parameters, is suggested following the exploitation of the actual clinical data and the simulation itself. In section L.2 the CKR estimates derived from the present study are correlated with the whole genome expression data of each patient.  The aim is to end up with a regression model able to predict the most appropriate value for the CKR parameter of the Oncosimulator, based on the patient’s gene expression levels at the time of diagnosis. 

[image: ]A detailed description of the core model (Fig. L.1.1), developed for the simulation of the temporal evolution and response to therapy of acute lymphoblastic leukemia (ALL), can be found in deliverable D12.3.
























Fig. L.1.1: The Oncosimulator workflow
L.1.2 Clinical data

In the present study the ALL Branch of the Oncosimulator is applied to a set of multiscale data originating from 191 patients enrolled in ALL BFM 2000 clinical trial. The anonymized data has been provided by the Pediatric Department of the University Hospital Schleswig-Holstein (UK-SH) of Kiel (CAU), Germany. The data provided include:

· Basic clinical data: gender, patient/family medical history, age, weight, length, general condition, liver and spleen dimensions
· Disease related data at diagnosis: white blood cell count, blood blasts percentage, bone marrow blasts percentage, hemoglobin levels and platelet counts, LDH level, immunological classification, myeloid coexpression, CD10 expression, TdT protein level, DNA index, cytogenetic aberrations, chromosomal translocations (TEL/AML1, BCR/ABL, MLL/AF4), number of sensitive markers, extramedullary disease (CNS, testis, and others).
· Treatment data: risk group stratification, CNS therapy
· Response data: prednisone response, white blood cell count on day 8, blood blasts percentage on day 8, bone marrow blast percentage on day 15, MRD on days 33 and 78, MRD classification, liver and spleen on day 8, remission at day 33, complete remission
· Follow up data: event free survival, relapse, secondary malignancy, stem cell transplantation, survival, mortality
· Gene expression data: whole genome expression data

A clinical case is exploitable by the Oncosimulator, if it fulfills the following criteria: 
· Leukemic cell counts : 
· Minimum requirement: The same cell count quantity and the actual date of measurement should be provided for at least two time instances, one before and, preferably, one after the completion of therapy
· Optimal: The same quantity and the time of measurement to be provided for additional time instances, before, during or after the completion of therapy
· Treatment data:
· Chemotherapy: Drugs, Dose and Administration time points (actual dates or in respect to a time reference-the same time reference should be used with the cell count measurements) 
· Irradiation (if any): Dose and Administration time points (actual dates or in respect to a time reference-the same time reference should be used with the cell count measurements) 
· Additional therapy (Hematopoietic stem cell transplantation, other?)
· Immunophenotype/cytogenetic/molecular data that could allow us an estimation of leukemic cell kinetics and drug sensitivity/resistance

Fig. L.1.2 summarizes the exploitable clinical data related to treatment and leukemic cell counts for ALL BFM clinical cases. 
	
The proof of concept study presented later in this chapter focuses on the prednisone prephase part of treatment. In order to evaluate the in vivo sensitivity of peripheral blood leukemic blasts to prednisone-induced apoptosis for stratification purposes, patients receive a prephase prednisone therapy consisting of a 7 day monotherapy with prednisone (60 mg/m2) and one age-adjusted dose of intrathecal methotrexate on day 1, that falls in the category of low-dose MTX treatment. The study aims to adapt the Oncosimulator based on the reduction of leukemic blast counts between diagnosis and day 8. We assume that the absolute number of peripheral blood leukemic blasts (/mm3) is the product of white blood cell (WBC) count (/mm3) and the peripheral blood (PB) blast percentage. Furthermore, since the time lapsed between diagnosis and treatment onset is not known we assume that the cell counts at diagnosis match those at the beginning of treatment. From the cohort of the 191 patients, 33 patients miss a peripheral blood cell count either at diagnosis or at day 8 and, hence, 158 patients fulfill the criteria to be included in the adaptation study.
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Fig. L.1.2: ALL BFM treatment protocol and time points of leukemic cell counts measurements




L.1.3 The cytokinetic model

In the case of acute lymphoblastic leukemia (ALL) three types of cancer cell compartments can be distinguished: the bone marrow, the circulating blood and the extramedullary blast cell compartments. Due to lack of exploitable data (cell counts) regarding the extramedullary compartment, the cytokinetic model adopted here, considers the compartment of cancer origin, which is the bone marrow cell compartment and the circulating blood. 
  
L.1.3.1 ALL and the cancer stem cell theory 

Three major models have been described in literature for tumour propagation: the stochastic model, the clonal evolution model and the cancer stem cell model. The stochastic model predicts that all tumour cells are biologically equivalent, their behaviour is subject to stochastic influences by intrinsic or extrinsic factors and they can revert from one state to another because these influences do not induce permanent changes (Dick, 2008). The clonal evolution model proposes that neoplasms arise from a single cell of origin, and tumour progression results from acquired genetic variability within the original clone allowing sequential selection of more aggressive sublines (Nowell, 1976). The cancer stem cell model is based on the hypothesis that tumours are organized in a hierarchical way, and only a small proportion of cells with stem-like properties has the capacity for self-renewal, multilineage differentiation, tumour sustenance and formation of new tumours (Reya et al., 2001). The origin of the cancer stem cell is not necessarily the normal stem cell but could be a committed progenitor cell that reverts to a stem-like phenotype during transformation. 

Even though cancer stem cells have been identified in a wide range of human malignancies, including acute myeloid leukemia, published data on ALL stem cells are conflicting (Bernt and Armstrong, 2009; Reaman and Smith, 2011). The debate concerns both the cell of origin, namely whether it is a lymphoid progenitor or a more primitive pluripotent hematopoietic stem cell, and the hierarchical organization of ALL, with some studies suggesting that lymphoid progenitors may not lose their self-renewal ability with differentiation. Fig. L.1.3 summarizes some of the models proposed in literature for ALL.
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Fig. L.1.3: Hierarchy and differentiation in different leukemia stem cell models. Normal Differentiation toward the B-cell lineage is shown. (A) Leukemia sustained by a very early leukemia stem cell (similar to a hematopoietic stem cell or very early progenitor). The leukemic cells continue to develop along the lymphoid lineage and arrest at the pre-B stage. (B) Leukemia sustained by a leukemia stem cell at the developmental stage of a committed progenitor (here a pro-B cell), with further differentiation of its progeny along the lymphoid lineage, and arrest at the pre-B stage. (C) Leukemia maintained by “leukemia stem cells” corresponding to different stages in early B-cell development. Multiple subpopulations possess the ability to self-renew and propagate the leukemia. (Figure taken from Bernt and Armstrong, 2009.)



Due to the lack of concluding evidence for the exact hierarchy (or absence) within the leukemic clone and the frequency of leukemic stem cells in the different ALL subpopulations, the cytokinetic model adopted for the purposes of ALL propagation modelling is based on the well documented generic hypothesis of cancer stem cell theory. However the hypothesis that more mature cell populations may possess the ability to self-renew will also be examined within the last year of P-medicine. 

L.1.3.2 Cell kinetics of ALL

Lymphoid malignancies of precursor B cell and T cell origin seem to have a longer cell cycle than normal bone marrow precursor cells, even though the duration of DNA synthesis phase seems to be identical. Indicative values of the cell cycle duration of leukemic cells vary considerably, taking value between 25-240 hours (Cooperman et al., 2004; Hirt et al., 1992; Tsurusawa et al., 1992). The length of G1 phase is believed to be highly variable and can range from about 6 hours to several days or longer (Kufe et al., 2003).  The S-phase duration (Ts) seems to show much less variation within and between tumours, and between tumours and normal tissues, varying between 10–20 hours. (Rew and Wilson, 2000). The duration of mitosis phase is considered constant and equal to 1h (Bast et al., 2000). The duration of cell cycle phases is used to determine the time point that hit cells die through apoptosis depending on the action mechanism of the drug. 

In most cases, the proportion of leukemic cells in S phase is lower than normal cells (LI), even though the growth fraction (GF) can be high. In the study of Hirt, 1992, this controversy has been explained by a prolong stay of cells in G1 phase. The authors conclude that leukemic cells from children with precursor B or T-cell ALL are continuously cycling without leaving the cell cycle for a rest phase. 

Apoptosis, from initiation to cell elimination, is a relatively short process, with a mean duration of about 1-6h (Hirt et al., 1997; Gavrieli et al., 1992; Bursch et al. 1990). In consistency, apoptotic cells seems to be also rapidly removed from the circulation as a result of phatocytosis (< 3 hours unless phagocytes capacity is exceeded) (Groninger et al., 2000). In contrast, the removal of necrosis products is a time consuming process requiring even several days to be completed (Ginsberg T., 1996). 

The doubling time of acute leukemia can be very rapid, even 4 days, in relapsing children. In the study of  Skipper & Perry (1970), the authors argue that the growth rate can slow down to about 27 days in advanced stages of the disease, an estimate based on the mean survival time of untreated children. In the study of Hirt et al. (2011), the authors have examined the proliferation of CD19+ B-cell precursor ALL  and have identified two distinct leukemic blast populations with mean doubling times equal to 10.7 and 294 days respectively. 



	[bookmark: _Ref332558306][bookmark: _Ref332558300][bookmark: _Toc348541471][bookmark: _Toc348541709]TABLE L.1.1 Cell cycle phases duration for leukemic and normal hematopoietic cells: Bibliographic review

	Study 
	
	[bookmark: _Toc348541473] TS (h) (Range)
	ΤC (h) (Range)

	Leukemic cells

	Hirt et al., 1992 
	Early pre-B ALL(n=19)
	18.6±2.8a
	116.4±55.9 a

	Hirt et al., 1992 
	Pre-B ALL (n=13)
	19.1±1.9 a
	112.5±46.8 a

	Hirt et al., 1992 
	T ALL/NHL (n=8)
	19.9±2.5 a
	102.1±22.6 a

	Hirt et al., 1992 
	B ALL/NHL (n=6)
	9.6±0.9 a
	24.9±8.1 a

	Tsurusava et al.,  1992
	
	14.3b (6.1-34.4) 
	T/B ALL: 34
Early B ALL: 75.2

	Cooperman et al., 2004
	B cells
	
	(26-240)

	Beesley et al., 2006 
	T ALL cell lines (n=15)
	
	(23-442)

	Beesley et al., 2006  
	Pre-B ALL cell lines (n=5)
	
	(53-108)

	Beesley et al., 2006
	B ALL cell lines(n=2)
	
	53 and 96

	Normal cells

	Hirt et al., 1992 
	pre-B (n=7)
	18.3±1.8 a
	65.5±3.5 a

	Cooperman et al., 2004
	precursor B CD19+C10-
	
	90.5

	Cooperman et al., 2004
	precursor B CD19+C10-
	
	No cell division

	aMean±SD
bMedian















	TABLE L.1.2 Proliferation indexes for leukemic and normal hematopoietic cells: Bibliographic review

	Study 
		
	GF (%) 
(Range)
	LI (%) 
(Range)
	Apoptic cells (%)
	Resting G0 (Range)
	Td (days)
(Range)

	Leukemic cells

	Hirt et al., 1992 
	Early pre-B ALL(n=19)
	38.7±11.2
	7.3±3.7 a
	
	
	

	Hirt et al., 1992 
	Pre-B ALL (n=13)
	46.9±16.1
	9.1±5.2
	
	
	

	Hirt et al., 1992 
	T ALL/NHL (n=8)
	47.9±14
	9.9±4 a
	
	
	

	Hirt et al., 1992 
	B ALL/NHL (n=6)
	86.5±13.7
	36.8±13.3 a
	
	
	

	Hirt et al., 1997a
	Pre-B and T ALL
	PCNA : 83.6±16.1 a
(30-96)
P120: 94.1±2.6 a (89-98)
	
	
	2.9±3.8 a
(0.5-18)
	

	Hirt et al., 1997b
	Precursor B ALL(n=23)
	
	8.2±6.3 a
(0.9-22.4)
	0.9±1.4 a
(0.1-7.2)
	
	

	Gorczyca et al. 1993
	Blood ALL, AML, CML (n=11)
	
	
	(1-8)
	
	

	Groninger et al., 2000
	Blood ALL (n=5)
	
	
	(0-2)
	
	

	Cheung et al., 1972
	ALL(n=11)
	
	BM:11.2±6.2 a (2-22.6)
PB: 8.8±8.4 a (1.4-28)
	
	
	

	Inoue et al., 1993
	AL (n=32)
	PB:12%
BM:15%
	PB:5.6%
BM:10.1%
	
	
	

	Schultz et al., 1989
	ALL (n=1)
	
	
	
	
	6.5

	Skipper & Perry, 1970 
	From studies of ALL at beginning of relapse
	
	PB:0.7-6.2
BM:2.6-15
	
	
	
StudyI: 4
StudyII: 5.8 (2-16)

	Hirt et al. 2011
	CD19+ B-cell precursor ALL  (n=15)
	
	CD19+: 7.2b (5.7-8.8) 
CD19- : 0.19b (0.15-0.4)
	
	
	CD19+: 10.7b (8.2-14.9)
CD19-: 294b (135-354)

	Normal cells

	Cheung et al., 1972
	
	
	26.9±6.7 a
(18-40)
	
	
	

	Hirt et al., 1992
	pre-B (n=7)
	66.9±7.3
	18.7±1.9 a
	
	
	

	aMean±SD/ bMedian/ PB: Peripheral blood/ BM: Bone marrow




L.1.3.4 Modelling of cancer growth and response to chemotherapy

The adopted cytokinetic model (Fig.  L.1.4) incorporates the progression through the active cell cycle, the ‘exit’ to the quiescent state, the differentiation pathway, the passage to the blood circulation and cell loss. Cancer progression is sustained by a rare cell population that exhibits stem cell like properties located in the bone marrow compartment. These so called ‘cancer stem cells’ have the ability to self-renew, as well as to give rise to cells (LIMP cells) that follow the developmental hierarchy towards differentiation. Differentiation is assumed to be arrested at the last considered LIMP stage. Only cells of the last LIMP stage are allowed to leave the bone marrow compartment and enter circulation (peripheral blasts). The passage is implemented through the mitosis phase. 

A proliferating cancer cell of the bone marrow compartment, either stem or LIMP, passes through the successive cell cycle phases (G1, S, G2, M). Upon completion of mitotic division, a fraction of daughter cells will become dormant. On top of the internal molecular pathway interactions, the local oxygen and nutrient supply conditions regulate the transition to dormant, G0, phase and the “awakening” of dormant cells. Dormant cells are assumed to survive only for a limited time length. After the expiration of this time, dormant cells die through necrosis, unless the local conditions allow the re-entering of the dormant cells into the active cell cycle. At a first approximation circulating peripheral blasts are considered quiescent. No recirculation of leukemic blasts from blood to bone marrow is assumed. All living cell categories may die through spontaneous apoptosis.

A fine partitioning of proliferating cells (stem and LIMP) into subclasses is introduced by considering a number of compartments that equals the duration of the cell cycle. Each compartment corresponds to each hour of the total duration of the G1 (gap 1), S (synthesis), G2 (gap 2), M (mitosis) phases and therefore contains the biological cells residing in the given hour. Similarly dormant cells (stem and LIMP) are distributed in a number of compartments that correspond to each hour of the duration of the G0 phase.
 
When cancer is chemotherapeutically treated, a fraction of cancer cells are lethally hit by the drug or its metabolites. Lethally hit cycling cancer cells of the bone marrow enter a rudimentary cell cycle that leads to apoptotic death via a specific phase dictated by the action mechanism of the chemotherapeutic agent used. Similarly, in the case of cell cycle non specific drugs, lethally hit dormant (G0) cells enter the G0hit phase.  Marking of a cell as hit by the drug is assumed to take place at the instant of drug administration although its actual time of death is dictated by the specific pharmacokinetics and pharmacodynamics of the drug. It is pointed out however that cell cycle phase specific drugs can be readily modeled by the cytokinetic model shown in Figure L.1.4
Fig.  by appropriately selecting the “Chemo” induced exit from the normal cell cycle for both cases of stem and LIMP cells. In blood circulation, an instant death of the lethally hit cancer cells at the time of drug administration is assumed, through the apoptotic machinery. 
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Fig. L1.4 Generic cytokinetic model of bone marrow and peripheral blood cell compartments (cell category / phase transition cell. LIMP: LImited Mitotic Potential cancer cell (also called committed or restricted progenitor cell). Prolif: Proliferating cell. G0: dormant cell. Chemo: chemotherapeutic treatment. HIT: lethally hit cells by the drugdiagram) for cancer response to chemotherapy. Abbreviations: STEM: stem 



L.1.3.5 Modelling of the action mechanisms of the drugs considered 

L.1.3.5.1 Methotrexate induced cell loss

Methotrexate (MTX) is a folate analogue, showing activity in the S phase of the cell cycle. The effect of MTX on cell cycle and cell viability is dose dependent (Tsurusawa et al. 1988). The mechanism of cell death induced by MTX at high and low doses is apoptosis (Genestier et al. 1998). In general, MTX acts by inhibiting several enzymes in the folate pathway, necessary for the synthesis of purines and thymidines (the precursors of nucleotides, the building blocks of DNA). The major mechanism of action involves the inhibition of dihydrofolate reductase (DHFR), resulting in the compromise of dihydrofolate to tetrahydrofolate reduction. MTX depletion of reduced folates blocks synthesis of purine and thymidine, thereby stopping replication and leading to cell death (Taylor and Tattersall 1981; Schmiegelow 2009). Polyglutamation of MTX, increases the anti-proliferative effects of MTX (Walling, 2006; Schmiegelow, 2009) by making it difficult for the cell to transport the MTX out of the cell and by inhibiting folate-dependent enzymes involved in DNA replication (DHFR, thymidylate synthetase (TS), and aminoimidazolecarboxamide ribonucleotide (AICAR) formyltrransferase). 

Even though the cytotoxicity of high doses of MTX is primarily due to inhibition of purine and pyrimidine synthesis (Schmiegelow, 2009), the mechanisms of immunosuppressive properties associated with low-dose MTX treatments are not fully elucidated (Genestier et al., 1998; Schmiegelow, 2009). However, treatment of peripheral blood with low-dose MTX induced apoptosis of in vitro activated T cells (Genestier et al., 1998), mainly resulting from DHFR and TS inhibition. Moreover, in this study the authors argued that the apoptotic signal was most likely initiated during the S phase and showed that the resting T cells were resistant to MTX induced apoptosis unless subsequently activated, finding that suggests that resting T cells may convert MTX to polyglutamate forms and retain them intracellularly for several days. In the study of Tsurusawa et al. (1988) doses of 10-7 and 10-6M of MTX (corresponding to low dose MTX therapy) strongly reduced the clonogenicity and prevented the progression of cells at the G1/S boundary and across the S phase, but not in the late S or the other phases. Even though it is believed that S-phase cells are the main target of MTX, some investigators have reported that non-S-phase cells are also susceptible to cytotoxicity of MTX, e.g. G1 cells (Goncharova and Frankfurt, 1976) or cycling cells arrested at the G1/S boundary during treatment with MTX (Tsurusawa et al., 1988)

In our modelling approach, cancer cells are assumed to absorb the drug at cycling phases only, whereas apoptotic death of hit cells takes place in the S phase.

L.1.3.5.2 Prednisone induced cell loss

Glucocorticoids (GC) act through binding to GC receptors (GR). In the absence of hormone, GR resides in the cytosol combined with a variety of proteins. A direct mechanism of action involves homo-dimerization of the receptor, translocation via active transport into the nucleus, and binding to specific DNA responsive elements activating gene transcription (Ociepa et al., 2010). The mechanism of GC acting upon leukemic cells has not been fully elucidated to date, yet it is assumed that the said mechanism arrests the cells in G1 phase to induce apoptosis and modulate the expression of apoptosis regulating proteins, e.g. through exerting a direct inhibitory effect on Bcl-2 protein or via direct activation of the caspase cascade (including caspase-3) (Ociepa et al., 2010). Glucocorticoids also induces apoptosis in nonproliferating cells, triggering signaling pathways that do not evolve changes in cell cycle proteins (King and Cidlowski, 1998).

In our modelling approach, cancer cells are assumed to absorb the drug at dormant and cycling phases, whereas apoptotic death of hit cells takes place in the end of G1 phase.

L.1.4 A preliminary clinical adaptation study

The efficacy of the prephase prednisone scheme strongly depends on both the kinetics of cancer cell proliferation and the pharmacodynamics (as reflected by the value of cell kill rate) of the chemotherapeutic agents used. Ideally direct measurements of the above quantities for each patient, derived from bone marrow aspirates and blood samples, would greatly potentiate the predictive ability of the Oncosimulator. However, the provision of such measurements has not been forseen in the context of BFM-ALL trial.  The challenge posed here is how to translate the available patient specific data to model parameter values and how to identify these data at cellular and subcellular level (molecular data, genes expression levels etc) that will allow the individualized estimation of parameter values or at least the most plausible value windows that the parameters lie in.  

In the present section a proof of concept adaptation study is presented focusing on the estimation of prednisone cell kill rate for a cohort of 158 patients. The value of the cell kill rate could be thought of as summarizing those important genetic determinants and molecular mechanisms that render leukemia cells resistant or sensitive to therapy. At a first approximation one type of cancer growth will be assumed, identical for all patients. The selection of the untreated tumour growth parameter values will be guided by experimental cell kinetic data found in literature (section L.1.3.2). A multi-variate optimization methodology for the simultaneous adaptation of both cell kinetics and pharmakodynamics model parameters for each patient will be examined in the last year of the project. The derived prednisone sensitivity/resistance profile of the patient cohort will then be exploited for the quest of correlations between prednisone cell kill rate and gene expression levels (see subsequent sections). 

The patient specific data that has been exploited by the model at this stage of the adaptation include the applied chemotherapeutic scheme (drugs and administration time points) and the peripheral blood counts (the white blood cell counts (/mm3) and the percent of blasts in peripheral blood). The peripheral blood counts were provided for two time instants at diagnosis and on day 8 of treatment (Figure L.1.2). 

L.1.4.1 Adaptation methodology 

A two - step adaptation process is followed. The first step refers to the adaptation of the model parameters that regulate cancer free growth kinetics (Table L.1.3). In general a large number of virtual tumour implementations (virtual instances) corresponding to certain given or known parameter values exist. Narrowing this large window of possible solutions, ideally to one solution for a specific clinical case, is a critical first step in the adaptation procedure. Due to the non-availability of proliferation indices, such as Ki-67, thymidine labeling or mitotic indexes, and data that could allow the precise estimation of the tumour growth, such as at least two leukemic cell counts before the therapy, a literature survey has provided biologically reasonable values for critical tumour kinetics features (section L.1.3.2). In the adaptation paradigm presented here the following assumptions/constraints were imposed, based on literature (section L.1.3.2) (or logical assumptions supported by basic science or clinical experience in case of lack of literature data):

i. A middle value of cell cycle duration (Tc=90h) (Hirt et al., 1992; Cooperman et al., 2004, Beesley et al., 2006)
ii. A duration of apoptosis (TA) equal to 6h (Hirt et al., 1997)
iii. A duration of necrosis (TN) equal to 120h (Ginsberg T., 1996)
iv. A spontaneous apoptosis rate (RA, RABlasts of all living leukemic cells equal to0.001-1
v. The fraction of dormant cells that re-enter the cell cycle (PG0toG1) is assumed equal to 0.01
vi. A fraction of stem cells in bone marrow that perform symmetric divisions (Psym) equal to 0.4
vii. The number of mitoses performed by LIMP cells before they are arrested (NLIMP) is assumed equal to  7.
viii. A relatively slowly growing cancer with volume doubling time (Td) 30 days, since all cases are newly diagnosed and not in recurrence
ix. A high value of growth fraction in bone marrow (80%)
x. A fraction of dormant cells in bone marrow complementary to growth fraction

The desired volume doubling time was achieved by the adaptation of the parameter that regulates the quiescence of newborn cells after mitosis (Psleep), whereas the relative distribution of leukemic cells in the dormant and the proliferating phases (constrains ix, x) was achieved by the adaptation of the duration of dormant phase (TG0) (Table L.1.3). 

At the second step, the cell kill rate (CKR) of the drugs is adapted to the observed blast count reduction. Since the regimen given consists of two chemotherapeutic agents, it is not possible to accurately determine the cell kill rate of each drug from the data provided, even in the ideal case of the availability of all required proliferation indices and tumour free growth kinetics features that would enable an excellent fitting of the model parameters to the clinical case examined. In the paradigm presented here an arbitrarily fixed value for methotrexate CKR (=0.2) has been considered for all patients. The cytotoxic effect of MTX is assumed relatively low since the dosage falls in the category of low-dose therapy.

The adaptation of CKR was performed automatically using an optimization procedure (the fzero command in Matlab), that returns the zero of the distance between the observed blast count and the simulation outcome. The algorithm uses a combination of bisection, secant, and inverse quadratic interpolation methods.


	TABLE L.1.3. ADAPTATION OF PARAMETER VALUES USED FOR THE CLINICAL CASES SIMULATIONS AND RESULTING TUMOUR CHARACTERISTICS

	Parameter
	Description 
	Value

	Tc
	Cell cycle duration
	90 h

	TG0
	Duration of dormant phase
	96 h

	TN
	Time needed for necrosis products to disappear from bone marrow
	120 h

	TA
	Time needed for apoptosis products to be removed from bone marrow
	6 h

	NLIMP
	Number of mitoses performed by LIMP cells before they are arrested
	7

	RA
	Apoptosis rate of stem and LIMP cells
	0.001 h-1

	RABlast 
	Apoptosis rate of peripheral blast cells
	0.001 h-1

	PG0toG1
	Fraction of dormant cells that re-enter the cell cycle
	0.01

	Psleep
	Fraction of cells that enter the G0 phase following mitosis 
	0.159

	Psym
	Fraction of stem cells that perform symmetric division
	0.4

	CKRMTX
	Cell kill rate of methotrexate
	0.2

	Tumour Characteristic
	Value

	Doubling Time
	35 d

	Fraction of Dormant Cells in Bone Marrow 
	0.17

	Fraction of Necrosis in Bone Marrow
	0.04

	Growth Fraction in Bone Marrow
	0.83




L.1.4.2 Results

In figure L.1.5 the frequency of the estimated values of prednisone CKR among the clinical cases are presented. The values of CKR have been grouped in intervals of length = 0.1. Since the total CKR of prednisone and methotrexate cannot exceed 1, the upper limit of prednisone CKR is 0.8. The results are presented based on patient classification into good (<1000 blasts/μL on day 8) and poor (1000 blasts/μL on day 8) prednisone responders. Early response is believed to be a strong predictor of treatment outcome and weights in the choice of treatment protocol.

Based on the results, the values of CKR span in the whole value range. 7 clinical cases (1 good and 6 poor) were characterized by a higher blast count on day 8 of treatment in respect to diagnosis. For those patients the simulation failed to achieve the final blast count, even in the absence of therapy, implying a more rapid growth rate than the assumed. For those patients no valid CKR value could be estimated (CKR=0 in Figure L.1.5).  On the other hand, 15 patients achieved complete remission of peripheral blasts, resulting in a very high estimated CKR, close to the upper limit (0.8). The results successfully demonstrate that poor responders tend to have a low value of CKR in contrast to good responders. However, even though poor responders have a clearly lower median value of prednisone CKR than good responders (0.32 compared to 0.59 respectively) the range within CKR fluctuates is considerable wide for both groups and overlap with each other. As a result patients that seem to have similar response to treatment may not have been classified in the same group. However, due to the small size of the sample examined and the consideration of only one type of cancer growth, no definite conclusion can be drawn as yet. 
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	Fig. L1.5: Estimated values of prednisone cell kill rate
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L.2 Supporting the prediction of the ALL Oncosimulator parameter values by using machine learning methods on gene expression data

L.2.1 Introduction

The Oncosimulator, as presented in the p-medicine deliverables D12.1, D12.2 and D12.3 as well as in the previous chapters of the present deliverable, is intended to be an important tool aiming at simulating the progression of tumours and their response to tumour type specific treatment in a personalized, patient-specific context. However, in order for these simulations to be able to reliably predict tumour growth and response to treatment for any given patient, a careful choice of the values of the Oncosimulator input parameters should be made prior to the execution of the simulation. A description of the types of input parameters is available in section L.1.4. Although such values could be inferred by calibrating the model, in the case where time course data for the progression of the disease and/or the response to treatment are available, choosing parameter values for a patient’s case in which only the disease state for the day of diagnosis is known could be a difficult task. Although an extensive literature review based on the patient’s clinical profile may conclude to specific guesses, such guesses may not be adequately accurate. On the other hand nowadays the number of patients for whom high throughput –omics (e.g. genomics, proteomics, metabolomics etc.) data is being made available gradually rise thanks to the advancement of high-throughput molecular screening techniques and the accompanying reduction of the cost for such experiments. Such types of data e.g. whole genome gene expression data can be very informative for the molecular status of the patient’s  tumour cells. This can lead to the prediction of their  phenotypic characteristics at the cellular level which are related to the Oncosimulator input parameters. This implies that a correlation between the patient’s molecular data and several Oncosimulator input parameters should exist. 

For the case of the Acute Lymphoblastic Leukemia p-medicine Oncosimulator  branch, the whole genome expression data (presented in detail in L.2.3.1), were made available for a number of patients together with their clinical and treatment response data. As presented in section L.1.4  patient specific estimates of the Cell Kill Rate (CKR) parameter have been inferred for the drug prednisone (PRED). In this sub-chapter, the first steps of a machine learning-based method capable of predicting a suitable value for the PRED CKR parameter are presented. The CKR value corresponds to a newly introduced patient and is based on his or her whole genome expression data. The relationship between the expression data and the CKR parameter has been extracted by fitting machine learning models. The estimated CKR values for the patients included in the training set (as estimated in section L.1.4) are used as responses and the patients’ gene expression are used as predictors. It should be mentioned, however, that since the estimation of the CKR parameter has been made in a univariate context (i.e. the growth cell kinetics have been assumed identical for all patients, setting the majority of the remaining Oncosimulator parameters constant for the whole dataset), the response values (CKR estimates) have a potential to change when a multivariate approach of parameter estimation is to be followed in the subsequent steps of the analysis. The latter have been planned for the last year of the project.  In contrast, the predictor values (gene expression data) are stable measurements for each given patient. Nevertheless, interesting conclusions could be extracted even from these preliminary steps of the present analysis and subsequently, the requirements for the more advanced phase of analysis could be formulated.

Finally, based on an extensive literature review concerning the acquisition of predictive gene signatures and the prediction of cellular phenotypes using gene expression data, methods that aggregate the gene expression on a gene-set or pathway level have been selected to be exploited for reasons of robustness and interpretability presented in detail in the following section.

L.2.2 Pathway-based gene expression analysis

Since the advancement and the spreading of high-throughput molecular screening in in the late 90’s and early 2000’s, a plethora of high dimensional datasets have been made available both in the laboratory and at the clinical level. Among the many types of –omics data based experiments one of the most frequently conducted ones is the measurement of gene expression using microarrays that produce measurements at a genomic scale, usually for thousands of genes. Although these measurements have allowed the detailed statistical study of the transcriptome, identifying, for example, the differentially expressed genes between two groups of patients or between two cellular phenotypes, the need for biologically interpretable findings has led to the creation of a gene-set based analysis of gene expression data. A type of gene-sets - among several others - are the curated pathways such as those stored in the KEGG (http://www.genome.jp/kegg/pathway.html), the BIOCARTA (http://www.biocarta.com/) and the REACTOME (http://www.reactome.org/) databases.

Two widely accepted and frequently exploited approaches on the functional enrichment of gene expression data are the Over-representation analysis and the Gene-Set Analysis. In the former, differentially expressed genes are first identified between two groups in the data and subsequesntly  the pathways (or in general the functional categories) that these genes participate in are found. In the latter, the differential expression statistics (such as the p-values of a t-test) of all genes included in the dataset are computed and each pathway (or gene-set) is analyzed in order to establish whether the genes that constitute it collectively show a significant differential expression. Two representative methods for these types of analysis are DAVID (Huang et al., 2007a, 2007b; Sherman et al., 2007) and GSEA (Subramanian et al., 2005) respectively. What is clear even from this short description of the two approaches is that in both approaches individual genes are first tested for differential expression between groups and the subsequent functional analysis for the identification of differentially regulated pathways refers to the differences between these groups.

An alternative approach that is gradually gaining interest is the one in which gene expression data is first aggregated at the pathway level (or in general at the gene-set level) in such a way that each row corresponds to a measurement of pathway activity, enrichment or expression. Following this transformation, the pathway-level data is directly analyzed in order for differentially expressed pathways to be identified. A significant difference between this approach and the previously presented methods is that the aggregation is made for every single sample of the dataset and so the transformed dataset may be used in a wider range of analysis tasks. This in conjunction with the identification of differentially expressed pathways may also be the classification or the clustering of samples using pathway-related features or even the regression analysis in the space of pathways. 

The basic differences between the approaches are depicted in Fig. L.2.1:
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Fig. L.2.1 Diagrammatic description and comparison of Over-representation, Gene-Set Enrichment and Pathway-level Aggregation Analysis.

As stated in literature (Hwang, 2012a; Khatri et al., 2012; Varadan et al., 2012), in general the transformation of the gene expression data from the gene space to the pathway space is expected to lead to increased robustness of the results of the downstream analysis of molecular data in contrast with the gene signatures that are commonly found to be unstable. Moreover, the aggregation of gene expression to another commonly shared space i.e. the space of pathways is believed to be able to reduce the intrinsic technological and biological variances across sample. A number of well established methods for the aggregation of gene expression data to pathway activity/expression/enrichment in a single-sample context are given in (Barbie et al., 2009; Greenblum et al., 2011; Hänzelmann et al., 2013; Hwang, 2012b; Lee et al., 2008; Tomfohr et al., 2005.) Interesting reviews on the comparison of these kinds of methods are available in (Hwang, 2012a; Varadan et al., 2012).

L.2.3 Supporting the prediction of the ALL Oncosimulator cell kill rate parameter value

L.2.3.1 Description of the available data

In the context of p-medicine anonymized data describing the clinical characteristics and the disease progression for a number of ALL patients, presented in detail in section L.1.2  and coupled with whole genome expression data, have been made available. As described in section L.1.4  the Cell Kill Rate (CKR)   parameter for the drug prednisone has been estimated for a number  of 151 patients. Regression analysis has been performed on the available data.  An additional number of patients have been  excluded from the analysis of the present section because they have showed identical CKR estimates  approximating the highest value (0.8) although they have shown differences in terms of gene expression. The latter may mislead the regression analysis. Finally, a number of 136 patient cases have been taken into account in the present analysis. However, as already stated in the Introduction the present analysis is based on preliminary results of CKR estimation analysis and the estimation of these parameters for the full set of patients together with the subsequent regression analysis is to be refined during the last year of the project.

As far as gene expression data is concerned, the dataset consists of measurements from a number of ~40.000 probes and the experimental procedures followed are described in detail in (Cario et al., 2005). Finally, information about this gene expression data is available in the GSE4057 entry of Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo).

L.2.3.2 Data preprocessing, missing value imputation and pathway level aggregation

Before training any machine learning method with the available gene expressions and estimates of the CKR data, specific preprocessing steps have to be followed in order for the data to be prepared for the pathway-based gene expression analysis. Moreover, missing values are commonly found in high-throughput screening data so these values have to be filled in by imputation methods before any further step of analysis could be done.

L.2.3.2.1 Collapsing gene expression from the probe level to the gene level

The first preprocess step taken has been for every sample to collapse the measurements of gene expression in the probe level (in our dataset CloneIDs) to the Gene level (EntrezIDs). More specifically in the gene expression microarray platforms usually different probes that refer to the same gene are included and since the gene sets referring to pathways are collections of genes (usually annotated by EntrezIDs), the dataset should be transformed from the probe level to the gene level. In order for this step to be executed the collapseRows function(Miller et al., 2011) of WGCNA R (Langfelder and Horvath, 2008) package has been  used. Among the different choices for the calculation of the expression at gene level, the max mean (choosing the probe among those referring to the same gene that shows the maximum mean expression), has been chosen to be executed as proposed in (Miller et al., 2011) for the type of downstream analysis to be pewrformed.  Moreover, it should be stressed that this preprocessing procedure may lead to a dataset with fewer missing values since the probes with the fewest missing values may be asked to be selected by the CollapseRows function.

This preprocessing step, apart for rendering the gene expression datasets compatible for pathway-based analysis, may also strengthen their biological interpretability and more importantly may promote the simultaneous analysis of data measured by different microarray platforms (Miller et al., 2011).  This has also been the case for the available dataset where slightly different platforms have been used for certain groups of patients (see GSE4057 entry of Gene Expression Omnibus database ).

In order for the collapsing procedure to be implemented, a mapping between CloneIDs accession numbers and EntrezIDs should be provided in the CollapseRows function. This mapping file has been created using the online conversion platform of Stanford Microarray Database (http://smd.princeton.edu/cgi-bin/source/sourceBatchSearch).

After excluding the probes that do not map to any EntezID and by collapsing the remaining probes by their mapping to EntrezIDs, we have concluded with a dataset that includes the expression levels for 14227 genes.

L.2.3.2.2 Gene filtering

Although the step of collapsing probes to genes, as described in the previous section, may lower the number of missing expression values in the datasets, a significant number of these types of values may still exist. Before trying to estimate the missing values using the non-missing values of the dataset (as is described in detail in the following section), the genes that  still show a high frequency of missing values (>15%) across the dataset have been filtered out. Those genes may be thought to have been inadequately measured. Additionally the performance of the imputation algorithms in terms of accuracy generally drops significantly for datasets with missing value frequency higher than 15% (Brock et al., 2008; Luengo et al., 2012).

The filtering step has been implemented using the goodGenes function of the WGCNA package in R(Langfelder and Horvath, 2008) by selecting the minimum fraction of non-missing samples for a gene to be considered “good” to be 85%. The result of this step has been the exclusion of 5464 genes that were showing many missing samples or zero variance.

L.2.3.2.3 Missing value imputation

Following the exclusion of a significant number of missing values, the remaining unsuccessfully measured values of gene expression were filled by imputation. This step is believed to be preferable to the exclusion of all genes that show missing values, since the experience accumulated in literature (Aittokallio, 2010; Brock et al., 2008; Jörnsten et al., 2005; Liew et al., 2011; Luengo et al., 2012) has shown that an improper handling of missing data may hinder an effective downstream analysis.

The algorithm selected in order for the missing values to be imputed has been the imputation by the Nearest Neighbors algorithm (knn-imputation) (Troyanskaya et al., 2001.) This is one of the simplest algorithms of this kind but it is widely and frequently used. Although more sophisticated algorithms do exist (like Bayesian Principal Component Analysis (Oba et al., 2003), Local Least Square impute (Kim et al., 2005) and  Least Square Adaptive (Bø et al., 2004) ), which are shown to be capable of producing better results[(Brock et al., 2008; Luengo et al., 2012)], the computational cost for these algorithms is significantly higher compared to knn (for example BPCA needs about 20 hours to be completed in a typical desktop computer setting). Therefore, during these preliminary steps of the analysis it has been decided to select a more lightweight algorithm letting the exploitation of the more powerful algorithms for the subsequent more advanced steps of the analysis. The knn imputation has been implemented by using the Impute package in Bioconductor-R and by choosing the parameter k (the neighbors that are used in order for a missing value to be imputed) to be 20. The latter  is one of the most commonly chosen values for this parameter[(Brock et al., 2008)].

L.2.3.2.4 Gene-set/pathway level gene expression aggregation

Possessing now a gene expression dataset at the gene level without missing values, the gene-set/pathway-based analysis can be implemented. The underlying theory has been presented in section L.2.2. The method selected to be used has been the Gene Set Variation Analysis (GSVA)(Hänzelmann et al., 2013) that utilizes the associate Bioconductor-R package GSVA. The gene sets chosen in order to aggregate the gene expression values have been those referring to genes constituting  the KEGG pathways.  There are 186 of them. The gene sets (CP:KEGG: KEGG gene sets) have been download from the Broad Institute MsigDB (http://www.broadinstitute.org/gsea/msigdb) as a .gmt file and have been introduced into R using the getGmt function of the GSEABase package. It should be mentioned, however, that in the subsequent steps of the analysis, additional gene-sets have been  planned to be exploited in order to study the influence of the gene set selection on the accuracy of the final predictions. Following the application of the GSVA method, the dataset now consists of 186 features (enrichment score for KEGG pathways) for every one of the 136 samples. 



L.2.3.3 Training the machine learning model and cross-validation results

L.2.3.3.1 Problem definition and machine learning algorithms tested

In order for a machine learning problem to be defined the characteristics of the available dataset - as far as the included variables are concerned - should be examined. Following the previously described preprocessing and transformation steps, the dataset consists now of 186 numerical features that correspond to the activity of KEGG pathways in a single sample context (the predictors of the dataset) and one numerical value (defined in the range (0,1) ) that is the estimated value of the CKR parameter for every single sample/patient. Therefore, in order to acquire a model that would be able to predict a reliable CKR parameter value for a newly introduced sample/patient based on pathway activity values, a regression analysis should be performed and a regression model should be finally created.

The machine learning model inference algorithms chosen to be tested are Support Vector Machines (Cortes and Vapnik, 1995) (in three variations concerning the choice of the kernel which could be Linear, Polynomial or a Radial Basis Function) and Random Forests (Breiman, 2001). These two algorithms are two of the most widely used machine learning ones that are capable of inferring both classification and regression models and can learn non-linear relationships that may exist in the dataset.

In order for the tests to be executed, the caret Package in R (http://caret.r-forge.r-project.org/) has been used.  It contains numerous functions to streamline the model training process for regression and classification problems and incorporates machine learning algorithms from 21 existing R packages. Moreover, the caret Package offers features that support the evaluation of the effect of the model tuning parameters (the parameters of the machine learning algorithms) on performance, the selection of the “optimal” model across these parameters and the estimation of the model performance from a dataset offering various types of cross-validation.

L.2.3.3.2 Cross-validation results using the entire feature set

Although it is a common practice in studies trying to create predictive models based on high dimensional molecular data to use only a subset of features - for example the significantly differentially expressed genes between two phenotypes - here, it has been decided to train the machine learning models by the entire feature set. The reason for this has been a massive reduction in the dimensionality of the problem obtained by aggregating the gene expression measurements to pathway activity. It should be mentioned, however, that the Random Forests algorithm, by definition, has a built-in feature selection step (Breiman, 2001). The results of the procedures of training and evaluating, by a 10x10 cross validation, the models are available in Table L.2 . 





Table L.2. Results of the cross-validated evaluation of the trained regression model performance on predicting the CKR parameter values based on gene expression data
	Method
	Sub-method
	Tuning parameter
	RMSE (10x10 cross validation)

	Random Forests
	
	mtry (number of predictors sampled for splitting at each tree node)
	

	
	
	2
	0.1507686

	
	
	48
	0.1507560

	
	
	94
	0.1513661

	
	
	140
	0.1523421

	
	
	186
	0.1524977

	SVM
	
	
	

	
	Linear Kernel
	C
	

	
	
	1
	0.2346681

	
	
	
	
	
	

	
	Polynomial Kernel
	Degree
	Scale
	C
	

	
	
	1
	0.001
	0.25
	0.1541765

	
	
	1
	0.001
	0.5
	0.1522134

	
	
	1
	0.001
	1
	0.1504459

	
	
	1
	0.01
	0.25
	0.1498342

	
	
	1
	0.01
	0.5
	0.1501210

	
	
	1
	0.01
	1
	0.1564672

	
	
	1
	0.1
	0.25
	0.1687962

	
	
	1
	0.1
	0.5
	0.1879542

	
	
	1
	0.1
	1
	0.2128265

	
	
	2
	0.001
	0.25
	0.1523583

	
	
	2
	0.001
	0.5
	0.1507105

	
	
	2
	0.001
	1
	0.1503095

	
	
	2
	0.01
	0.25
	0.1512965

	
	
	2
	0.01
	0.5
	0.1518911

	
	
	2
	0.01
	1
	0.1520950

	
	
	2
	0.1
	0.25
	0.1503484

	
	
	2
	0.1
	0.5
	0.1503484

	
	
	2
	0.1
	1
	0.1503484

	
	
	3
	0.001
	0.25
	0.1511744

	
	
	3
	0.001
	0.5
	0.1505853

	
	
	3
	0.001
	1
	0.1505792

	
	
	3
	0.01
	0.25
	0.1498330

	
	
	3
	0.01
	0.5
	0.1498330

	
	
	3
	0.01
	1
	0.1498330

	
	
	3
	0.1
	0.25
	0.1578186

	
	
	3
	0.1
	0.5
	0.1578186

	
	
	3
	0.1
	1
	0.1578186

	
	
	
	
	

	
	Radial Basis Kernel
	Sigma
	C
	

	
	
	0.00325094
	0.25
	0.1516329

	
	
	0.00325094
	0.50
	0.1492191

	
	
	0.00325094
	1.00
	0.1491777

	
	
	0.00325094
	2.00
	0.1497389

	
	
	0.00325094
	4.00
	0.1497125



As can be seen in Table L.2, except for the SVM with a linear kernel case, the performance of the methods are comparable and the Root Mean Square error is approximately equal to 0.15. This means that, as estimated by the Cross-Validation, for a newly presented patient the estimation of the CKR parameter value that would be the most appropriate in order for the simulation of the Oncosimulator to give results close to reality, could be given with an accuracy of about 85%. Equivalently the predicted CKR value is expected to differ from the most appropriate value by at most 15%. 

L.2.4 Conclusions

In the analysis presented, a regression model able to predict the most appropriate value for the Cell Kill Rate (CKR) parameter of the Oncosimulator (in order for the simulation of the model to converge to the observed response of a given patient to prednisone treatment) has been trained using gene expression data and the estimates for the CKR parameter value inferred by fitting the Oncosimulator on the patient’s response to treatment data. As inferred by the Cross-Validation training and the evaluation of the tested models, the value for the CKR parameter could be predicted by only observing the gene expression data measured at the stage of diagnosis with an accuracy of 85%. Although such a deviation (15%) could significantly influence the behaviour of the Oncosimulator, it can be characterized as acceptable, since both the estimation of the CKR parameter value and the regression analysis are still in their preliminary stages. 

Nevertheles, irrespective of the percentage of error, any narrowing of the range of possible values for a model parameter could be beneficial for the prediction of the proper parameter values for a newly introduced patient for whom only the status at diagnosis is known.  It could also be beneficial for the procedure of more generic parameter estimation. 
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C	Overall conclusions 

In the present document the crucial steps of the initial adaptation and optimization of the models constituting the three branches of the p-medicine Oncosimulator i.e. the nephroblastoma (N)  branch, the breast cancer (B) branch and the acute lymphoblastic leukemia (L) branch have been outlined. The N and L branches have been clinically adapted whereas the B branch has been adapted to pertinent animal data at this stage. The latter was due to delays of legal nature that have been encountered in the data transmission procedure. Despite particular limitations applicable to different tumour types, the overall outcome of the procedure is positive and encouraging.  It has demonstrated the potential of the various branches of the Oncosimulator to reasonably simulate clinical or experimental animal reality in a consistent and rational way. Obviously the more data is utilized, the better the clinical adaptation is expected to become. Therefore, additional adaptation and partial validation efforts are to be undertaken in the remaining project lifetime.  
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[bookmark: _Toc298483959]Appendix A - Abbreviations and Acronyms

	ALL
	Acute Lymphoblastic Leukemia

	CAU  
	Christian-Albrechts-Universität zu Kiel

	CKR
	Cell kill rate

	CTL
	Cytotoxic T Lymphocytes

	HR
	High Risk

	ICCS-NTUA
	Institute of Communication and Computer Systems – National Technical University of Athens

	ISOG
	In Silico Oncology Group

	LIMP
	LImited Mitotic Potential (cell)

	LUH
	Leibnitz Universitaet Hannover

	MRD
	Minimal Residual Disease

	SR
	Small Risk

	TC
	Tumour Cell

	USAAR
	University of Saarland

	WP
	workpackage

	WT
	Wilms Tumour ( nephroblastoma)
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tumour Volume (mm3)
11639	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	112	113	114	115	116	117	118	119	120	121	122	123	124	125	126	127	128	129	130	131	132	133	134	135	136	137	138	139	140	141	142	143	144	145	146	147	148	149	150	151	152	153	154	155	156	157	158	159	160	161	162	163	164	165	166	167	168	169	170	171	172	173	174	175	176	177	178	179	180	181	182	183	184	185	186	187	188	189	190	191	192	193	194	195	196	197	198	199	200	201	202	203	204	205	206	207	208	209	210	211	212	213	214	215	216	217	218	219	220	221	222	223	224	225	226	227	228	229	230	231	232	233	234	235	236	237	238	239	240	241	242	243	244	245	246	247	248	249	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	361	362	363	364	365	366	367	368	369	370	371	372	373	374	375	376	377	378	379	380	381	382	383	384	385	386	387	388	389	390	391	392	393	394	395	396	397	398	399	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	211856	211480.33624999999	213089.53586999999	212913.33307999998	212637.99377999999	214488.12705000001	214045.18477999998	213684.66972000001	213196.06445999991	212857.79585000008	212488.21398000009	213723.76860000001	214486.55254999999	215345.32140999989	216172.58267	215830.81542	215035.83060999998	214854.77732000014	214818.82207999998	214476.02984999999	214226.87417999998	214828.96779	216354.3243999999	216685.13756999999	215905.19680000001	218320.40437	218536.0566699999	217805.39423999991	218332.29584000009	218108.2727700001	217800.56273000001	217184.18226	217363.91670999999	217240.92627999999	217744.89805999998	218150.17234000014	218902.81834000009	219723.79913999999	219353.32549999992	218548.70814000009	218382.67882000009	218350.12928999998	218005.4015399999	217739.86744999999	218335.73662000001	219860.01405999999	220179.71071000001	219410.68298000001	221958.86012	221456.82790999999	220417.84190999999	219959.45917999998	219033.18160999991	217964.06538000001	216692.85733	215835.82177999991	214811.02935999999	214073.37233000001	213232.65917	212494.43083	211773.39298	210513.66019	209058.37882000001	207886.25639	206664.8881999999	205170.10607000001	203616.29180000001	202493.65091999999	201880.37643999991	200703.57709000001	199012.90355999998	199036.37203	197991.36593999999	196565.44508999999	195812.55204000001	194774.02296	193759.45664999998	192671.25622000001	192113.64231000008	191404.79561	190969.69214000009	190529.3865599999	190314.46342999995	190118.40755	189349.72904000001	188383.89267999999	187782.21249000001	187253.94266999999	186562.17955999999	185881.37218999999	185609.70686000001	185790.03315	185381.87576	184498.77908000001	185355.51420000001	184984.07385000004	184088.88220999998	183731.4764199999	183002.30852999998	182225.05877	181327.30982999998	180991.17976999999	180421.30187	180032.70418	179650.70444	179466.46435999998	179268.3861099999	178483.58680999998	177500.4510899999	176898.51104000001	176380.40095000001	175677.72678999999	174968.42059999992	174651.15762000001	174786.4815599999	174361.10931	173502.09766	174495.75539999999	174192.3605199999	173332.92584000001	172961.67687000008	172244.85168999989	171483.29848	170635.16573000001	170462.86362999998	170026.29845999999	169676.44803999999	169393.66825000008	169307.94782000009	169235.43273999999	168551.24840000001	167694.49833	167262.79442999998	166937.87915999998	166409.10313	165839.87238000004	165647.58984	165898.03101999991	165590.08165999991	164930.81112	166254.535	166161.23749	165478.87498999998	165192.50221000001	164563.81138	163900.18375999999	163173.22818999999	163268.43117999999	163026.13840999999	162736.33290000001	162566.86718999999	162594.84367	162620.64436999999	162013.86474999998	161258.8916899999	160989.26532000009	160836.63516000001	160452.64627000008	159971.43547	159851.37789999999	160170.45632999999	159955.69532000009	159438.34925	160995.35161999986	161051.70912000001	160472.05828	160105.54345999999	159456.72917999999	158764.81419999991	158070.31090000001	158469.06434000001	158400.65108999991	158213.36161999992	158116.59830000001	158252.14118000001	158380.35680999991	157805.37654	156971.5364199999	156775.63636999999	156751.4848699999	156405.55427999998	155913.82828999998	155727.15633999999	156000.64165000001	155787.71161999999	155343.37854000001	157239.18674	157484.94381999999	156990.58392	156570.97211	155886.29285000009	155175.58453999992	154473.17256000001	155231.38005999991	155284.78693	154951.90539	154842.55132	155026.14606	155198.36572999999	154656.74359	153851.96937000001	153696.05738000001	153714.38785	153404.67176999999	152945.00080000001	152794.64817000009	153111.48540999991	152933.62439999991	152520.79062000001	154490.52825	154779.94133	154315.24627000009	153924.97614000001	153264.90745999999	152577.96990999999	151899.19454999999	152706.15460999991	152509.16435000001	151993.96987	151616.29624000008	151416.46678999998	151170.69721000001	150393.94245999999	149445.00404999999	148975.82022999998	148615.11254000009	148003.57191999999	147287.15770000001	146796.25266	146624.0242199999	146072.76404000001	145356.71976000001	146326.76726000008	146000.43012999999	145137.18075999999	144360.09841999991	143418.75511999999	142493.98762	141606.31107999998	141787.79370000001	141407.87404	140792.19516	140368.42528999998	140180.70942999999	140008.15338999999	139346.95204999999	138515.00756	138160.98748999991	137943.50975999999	137501.55961999993	136960.79220000008	136647.93637000001	136674.74336000008	136354.00510000001	135870.84731000001	137097.84086	137126.21541999999	136617.77666	136163.99409999992	135520.27688000008	134859.72422	134207.37477999998	134619.37847	134520.46038999999	134142.29131999999	133925.88025999998	133921.58928999995	133909.67832000009	133382.11846999999	132665.09700000001	132421.37873	132305.53296000001	131951.68672999999	131489.18867	131251.82859999992	131354.39907999992	131098.80512	130674.36232999999	131989.09078999999	132080.1814399999	131621.8641399999	131216.36597000001	130615.98269999995	129996.97676000002	129385.12779000004	129855.56262	129804.97994999999	129469.41592999999	129296.95323999996	129338.92193	129372.33792999999	128881.26293999996	128197.15493999999	127994.34742999999	127921.26192999999	127605.42369	127178.41679999996	126979.87500000004	127126.62070000004	126908.79939	126519.19683999996	127900.65863999999	128035.9617	127611.31859	127239.39405	126669.04552	126079.47571000004	125497.0079	126015.59469	126003.78632	125701.83282	125564.84804	125645.05578000002	125716.13286	125254.11676	124595.7274	124426.87529000004	124389.78516000004	124105.33762000002	123707.34335	123541.28559	123726.01236999997	123539.83143999999	123178.99045	124621.26296999997	124794.87186000004	124398.02827	124053.88466000004	123507.81108	122941.96743999995	122383.21862	122944.42293999996	122965.88069000002	122692.04016	122585.11010000002	122698.21324999996	122801.65100000004	122363.35948000004	121725.367	121585.24062999999	121578.9691	121320.74818	120946.63297000001	120807.99650999992	121025.72803	120866.20074	120529.13946000006	122027.4721	122234.54152	121860.62340000004	121539.44050999996	121012.82907000002	120465.93246	119926.15998000004	120525.41262999996	120575.55283999996	120325.23239999995	120243.83076000004	120385.37774000004	120516.75977	120097.72292999999	119475.65966000005	119359.90027999996	119380.14279999999	119143.84086999999	118789.3164	118673.88617	118920.50036000002	118783.47705	118466.04362	120016.59812000002	120253.13275	119898.08379	119595.84968	119084.68517000004	118552.74868999995	118027.99819	118661.55868	118736.59686999995	118505.9883	118446.36824	118612.68364	118768.36295	118364.86338	117755.00444999999	117377.02613	117009.7708	116476.41239999996	115871.93136	115314.73589	114911.24761000001	114301.41221999993	113606.96866	113851.99736999997	113370.10668	112599.66179000004	111847.50844999999	111004.02782	110182.05719000002	109385.54788999996	109168.5144	108624.32823	107936.04267999993	107360.70513	106899.24114	106419.63896000004	105661.99853999996	104833.20702	104288.29210000001	103852.62827	103322.77972000008	102762.50569999999	102345.60984999999	102129.80256	101738.58463	101270.85032000004	101751.89792	101583.61639	101125.80376000002	100699.49178	100173.29144	99640.310219999999	99113.645950000006	99169.176990000007	98946.449099999998	98571.323130000004	98281.704859999998	98104.244519999978	97920.716469999999	97457.351960000044	96889.825160000051	96579.57213	96337.280639999968	95962.837020000006	95527.08567	95211.663159999996	95079.306750000003	94750.317999999999	94328.642079999961	94861.870389999996	94723.225699999995	94281.249639999951	93864.861350000006	93342.496879999933	92810.620939999993	92283.379450000051	92347.666029999993	92127.959749999995	91754.266379999928	91468.338380000001	91298.571710000062	91124.956039999961	90669.416329999978	90111.545310000001	89819.249710000004	89600.432359999963	89250.900729999994	88842.876959999994	88561.723389999999	88471.449429999993	88185.872180000006	87810.728569999992	88412.455759999997	88334.209200000012	87950.751000000004	87596.335850000003	87137.269719999997	86670.705449999994	86211.301949999994	86356.500759999995	86215.024850000002	85917.965479999999	85710.853690000004	85622.138389999993	85530.189900000027	85152.283579999959	84670.314700000003	84458.256569999998	84320.326740000004	84048.697770000013	83716.31624999996	83511.51036	83499.386239999978	83287.361370000013	82982.917849999925	83671.863839999962	83666.933469999989	83349.539300000004	83059.570970000001	82661.460599999962	82254.066539999927	81852.352969999993	82064.343289999961	81983.097379999963	81742.058550000002	81590.682969999994	81557.994889999944	81520.576499999996	81191.319760000042	80755.085200000001	80592.350059999997	80503.930779999951	80278.327959999995	79989.758589999998	79829.862989999951	79864.705420000042	79695.155900000027	79430.662199999992	80176.637010000006	80215.369200000001	79934.931889999978	79681.09182999999	79316.449239999944	78941.534060000005	78571.651090000043	78825.388470000005	78780.125839999993	78571.627790000042	78453.299790000005	78454.699100000027	78450.580050000004	78149.38652	77738.934979999962	77606.193829999989	77548.528890000001	77350.732889999927	77088.292659999963	76956.135440000027	77021.4807	76878.595610000004	76638.871960000077	77427.402739999961	77495.828540000002	77238.901969999992	77008.283389999968	76664.685820000042	76310.300449999995	75960.750050000002	76245.237339999978	76225.33597	76039.123930000002	75943.973180000001	75969.95955	75989.97309	75707.950440000001	75314.676009999996	75203.65975000005	75168.772459999993	74991.053520000001	74747.258170000001	74635.617669999992	74724.505590000001	74601.511559999999	74322.766509999943	74757.01513	74624.024050000007	74249.095829999991	73898.457129999995	73472.384250000003	73047.980509999979	72635.393589999978	72674.634839999999	72472.557509999999	72146.908190000002	71888.121010000046	71712.063920000001	71523.738159999994	71117.476289999962	70644.223010000002	70384.303719999996	70175.446479999926	69860.482109999968	69502.038889999953	69242.41902999999	69121.734209999951	68840.209579999952	68490.888819999993	68893.636780000001	68795.391109999997	68475.792789999978	68184.135010000027	67820.014779999998	67455.067360000001	67099.467639999959	67201.831330000001	67091.04578	66865.054250000001	66706.602119999996	66636.751189999995	66564.761459999994	66279.559940000006	65916.812529999952	65757.414359999952	65653.827260000005	65449.253089999998	65198.393039999995	65042.816730000013	65031.360850000012	64869.436030000012	64637.985660000006	65156.780060000005	65151.853640000001	64910.089510000013	64687.066439999995	64382.513060000005	64070.569769999995	63762.702310000001	63916.473320000005	63849.462169999999	63661.961989999996	63540.168079999996	63505.951590000011	63467.545689999999	63210.819840000011	62873.89129	62742.82086	62667.566280000006	62488.593739999997	62261.663439999997	62130.959500000012	62146.272629999999	62008.041729999997	61798.729629999994	62353.207579999995	62374.113340000004	62153.421739999998	61951.20839	61665.828140000005	61372.688860000002	61083.512470000001	61263.938750000001	61219.537240000005	61052.351910000012	60951.54406	60939.379280000001	60922.708500000001	60684.038130000001	60363.707009999998	60252.746210000012	60198.443890000002	60038.394330000003	59829.306610000021	59717.88349	59754.791109999984	59635.416690000013	59443.691239999993	60029.558920000003	60072.190269999999	59868.634230000003	Time (h)
Tumour Volume (mm3)
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11813	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	112	113	114	115	116	117	118	119	120	121	122	123	124	125	126	127	128	129	130	131	132	133	134	135	136	137	138	139	140	141	142	143	144	145	146	147	148	149	150	151	152	153	154	155	156	157	158	159	160	161	162	163	164	165	166	167	168	169	170	171	172	173	174	175	176	177	178	179	180	181	182	183	184	185	186	187	188	189	190	191	192	193	194	195	196	197	198	199	200	201	202	203	204	205	206	207	208	209	210	211	212	213	214	215	216	217	218	219	220	221	222	223	224	225	226	227	228	229	230	231	232	233	234	235	236	237	238	239	240	241	242	243	244	245	246	247	248	249	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	361	362	363	364	365	366	367	368	369	370	371	372	373	374	375	376	377	378	379	380	381	382	383	384	385	386	387	388	389	390	391	392	393	394	395	396	397	398	399	400	401	402	403	404	405	406	407	408	409	410	411	412	413	414	415	416	417	418	419	420	421	422	423	424	425	426	427	428	429	430	431	432	433	434	435	436	437	438	439	440	441	442	443	444	445	446	447	448	449	450	451	452	453	454	455	456	457	458	459	460	461	462	463	464	465	466	467	468	469	470	471	472	473	474	475	476	477	478	479	480	481	482	483	484	485	486	487	488	489	490	491	492	493	494	495	496	497	498	499	500	501	502	503	504	505	506	507	508	509	510	511	512	513	514	515	516	517	518	519	520	521	522	523	524	525	526	527	528	529	530	531	532	533	534	535	536	537	538	539	540	541	542	543	544	545	546	547	548	549	550	551	552	553	554	555	556	557	558	559	560	561	562	563	564	565	566	567	568	569	570	571	572	573	574	575	576	577	578	579	580	581	582	583	584	585	586	587	588	589	590	591	592	593	594	595	596	597	598	599	600	601	602	603	604	605	606	607	608	609	610	611	612	613	614	615	616	617	618	619	620	621	622	623	624	625	626	627	628	629	630	631	632	633	634	635	636	637	638	639	640	641	642	643	644	645	646	647	648	76752	76561.040059999999	77663.633029999997	77612.372510000001	77499.829039999997	78794.872239999968	78530.981329999995	78344.023490000007	78037.540349999923	77865.575950000057	77651.574859999993	78543.662679999979	79119.621270000003	79749.676909999995	80345.748249999931	80176.413599999883	79681.403120000003	79620.780700000003	79651.390119999996	79468.561050000004	79325.686199999996	79770.673140000057	80833.06005	81102.198610000007	80614.970329999996	82345.203649999938	82524.048710000003	82064.926720000003	82486.380789999996	82358.598849999922	82173.668909999993	81789.522920000003	82000.139020000075	81963.960169999991	82357.649780000007	82679.021219999995	83237.83227999993	83836.688270000013	83646.799770000012	83123.838420000073	83075.479649999994	83119.161869999996	82936.875610000076	82772.454660000003	83236.008369999996	84343.139730000024	84593.778770000004	84094.244420000003	85969.905620000005	85711.994529999938	85051.117190000004	84851.535690000004	84279.929059999995	83612.220759999997	82803.573019999996	82343.586620000002	81737.225820000007	81344.842679999914	80886.362279999914	80520.091190000006	80171.796309999932	79403.594169999997	78468.517479999922	77790.923750000002	77076.470390000002	76154.384349999993	75202.063399999999	74586.583110000007	74380.164739999993	73710.356329999995	72645.480549999978	72962.931779999999	72396.61047	71514.158079999994	71142.367269999988	70529.964269999968	69935.142769999991	69273.668609999993	69063.084610000005	68697.138089999993	68537.641010000007	68390.236309999978	68385.579500000007	68425.693079999968	68002.3226	67413.266869999978	67143.847389999923	66928.207179999998	66566.176190000027	66211.09186	66187.551940000005	66537.134860000006	66408.676160000075	65895.905130000014	66829.739019999994	66745.463509999914	66244.722349999938	66163.258100000006	65778.639660000073	65364.077010000001	64858.677560000004	64842.224449999994	64601.762079999993	64517.700959999995	64454.788330000003	64510.833709999999	64589.853620000002	64172.914470000003	63590.514570000036	63330.440600000002	63145.759669999999	62799.195989999986	62441.847840000002	62416.616910000012	62784.899089999999	62662.23833	62177.624520000005	63271.559690000002	63263.537260000005	62800.64817	62732.02231	62340.121209999998	61928.235239999995	61446.557850000012	61570.21615	61422.782149999999	61364.249749999995	61379.80012	61520.467479999999	61675.553660000005	61318.034489999998	60808.201809999999	60667.234639999995	60612.773189999985	60374.777239999996	60096.187159999994	60146.02605	60594.104590000003	60546.758480000004	60187.933179999993	61561.348960000003	61718.304590000036	61375.803690000001	61345.420189999997	61004.139810000001	60633.616820000003	60210.813860000002	60546.073189999996	60534.675129999996	60510.595859999994	60599.830750000001	60799.560230000003	61018.12689	60703.297219999993	60237.369580000006	60200.045689999999	60260.767309999996	60121.766769999995	59887.683699999994	59986.408480000006	60487.43131	60468.10929	60202.433729999997	61812.568439999995	62095.926489999998	61823.546750000001	61711.668510000003	61326.024880000004	60910.234929999999	60479.252189999999	61073.862440000004	61184.938560000002	61230.830950000003	61385.595069999996	61619.61767	61928.149369999999	61604.225689999985	61046.861349999999	61046.640530000011	61214.098779999993	61083.264159999999	60827.859290000037	60865.814250000047	61349.51311	61300.920820000007	61072.009419999995	62985.635019999994	63427.97107	63221.609959999994	63055.333489999997	62609.368580000002	62149.386240000036	61691.997709999996	62594.482110000012	62794.181139999993	62707.444640000002	62851.214	63113.717159999993	63455.515729999999	63137.635289999998	62576.019510000013	62596.590109999997	62792.134940000004	62675.45349	62427.389820000011	62485.165479999989	63008.008210000036	62974.832730000002	62753.526330000001	64772.777569999998	65253.140290000003	65054.781309999998	64896.961109999997	64446.788130000001	63981.670379999996	63519.063259999995	64477.467469999996	64467.515320000006	64203.582950000011	64094.633989999995	64048.697589999996	64035.149300000005	63499.7068	62791.782040000006	62543.012160000006	62415.211089999997	62035.209709999996	61557.532810000012	61317.611510000002	61419.135239999996	61073.102479999994	60588.876040000003	61803.627249999998	61759.449510000013	61196.785159999999	60691.567299999995	59987.552030000013	59304.496010000003	58651.261629999994	59090.926419999996	58926.766949999997	58573.327900000004	58430.084900000002	58404.495429999995	58462.183550000002	58020.253820000005	57402.289300000004	57255.419440000005	57257.273769999985	57022.631759999997	56692.390489999998	56609.230230000001	56897.417820000002	56753.911670000001	56467.505499999999	57950.845820000002	58225.626810000002	57968.726759999998	57745.207969999996	57294.529379999993	56834.455220000003	56378.70693	57043.520049999999	57132.000260000001	56986.71228	57030.41072	57171.375330000003	57378.128719999993	57045.655210000012	56514.629659999999	56463.889460000006	56558.272179999993	56396.462719999996	56127.112460000004	56109.590159999992	56474.734469999996	56384.348910000037	56141.049870000003	57746.283659999994	58084.460020000006	57863.893779999999	57675.375759999995	57247.735959999998	56808.688090000003	56372.851040000001	57107.330510000036	57238.171979999999	57123.745169999995	57205.250630000002	57387.010110000003	57636.54163	57322.469900000004	56800.465939999995	56780.013640000005	56910.721859999998	56772.938300000002	56522.037250000001	56533.620579999995	56944.431880000004	56878.927830000001	56653.441560000007	58361.199569999997	58743.476210000037	58540.868340000001	58370.620899999994	57950.228789999994	57517.542300000001	57087.932000000001	57881.252440000004	58043.314840000043	57948.783459999999	58057.978950000012	58271.029629999997	58554.342680000002	58249.044600000001	57726.377590000011	57727.69053	57886.711559999996	57764.678020000007	57523.94354	57556.9902	58006.696339999995	57958.618130000003	57743.350950000036	59549.660840000004	59969.829399999995	59778.032779999994	59619.058590000037	59198.586440000006	58765.01971	58334.50793	59181.820230000012	59369.251109999997	59288.398740000004	59419.50056	59658.314170000012	59970.087489999998	59667.297269999995	59137.405979999996	59154.959390000011	59337.138210000012	59225.267329999995	58988.972370000003	59038.321069999998	59522.584240000011	59486.782169999999	59276.364700000006	61179.659920000006	61633.698659999995	61447.631339999993	61294.947230000012	60869.014460000006	60429.233369999994	59992.565179999998	60891.000090000001	61099.820200000002	61028.246650000001	61177.271959999998	61438.097469999986	61774.764899999995	61469.890870000003	60927.842420000001	60957.772919999996	61159.609149999997	61053.912640000002	60817.890980000004	60879.944830000037	61396.009979999995	61368.844890000037	61159.382560000013	63159.781389999996	63645.176660000005	63461.173820000004	63311.188110000003	62875.759739999994	62425.754300000001	61978.980060000002	62927.090669999998	63154.651530000003	63089.241539999995	63253.487980000005	63533.841280000001	63893.090189999995	63582.720819999995	63024.724009999998	62767.006050000011	62543.477590000002	62107.206510000011	61585.446710000011	61153.556630000036	60946.743619999994	60414.531839999996	59787.903169999998	60418.096779999993	60116.604650000001	59444.03383	58779.145810000002	57968.817500000012	57185.781419999999	56427.730889999999	56462.660260000004	56038.003429999997	55459.870360000001	55040.698609999999	54688.037689999997	54371.334340000001	53678.841590000011	52882.763369999986	52454.354310000046	52172.34792	51749.5533	51283.369789999997	51017.811350000011	51039.316750000013	50763.291999999994	50397.332980000007	51334.684410000002	51399.426660000005	51082.515789999998	50791.622559999996	50340.804430000011	49886.444170000002	49438.287139999993	49806.680950000002	49757.374070000013	49538.886580000013	49454.034400000004	49436.508290000012	49465.496290000003	49104.94644	48600.625329999995	48444.688200000011	48393.078150000001	48152.485680000005	47830.985370000002	47690.498420000004	47826.520810000002	47630.506610000011	47323.832980000007	48367.262859999995	48485.523330000004	48194.195829999997	47921.397179999993	47475.761409999985	47022.163809999998	46571.651230000003	46972.254240000002	46935.07415	46721.202739999993	46648.036620000006	46646.274969999999	46694.319070000012	46338.710580000006	45835.231259999993	45699.544500000011	45676.319950000012	45460.100719999995	45163.763119999989	45059.806810000046	45248.00462	45094.467000000004	44829.162689999997	45980.360940000006	46167.661009999996	45930.421769999994	45715.985779999995	45323.341260000001	44924.732389999997	44531.611799999999	45030.832480000005	45074.146920000007	44933.956430000013	44940.751369999998	45022.489750000001	45156.463889999999	44868.37154	44425.633419999998	44366.498570000003	44424.148580000001	44278.553030000003	44047.686120000006	44016.374550000037	44288.643409999997	44202.201599999993	43997.262339999994	45272.200750000004	45537.499049999999	45356.791639999989	45197.440800000011	44850.330030000012	44495.140330000002	44143.999520000005	44723.890550000011	44825.581310000001	44733.852420000003	44793.674600000006	44929.863240000006	45118.990489999996	44866.116520000003	44450.44313	44434.433119999994	44539.294859999995	44430.409189999998	44231.113939999996	44239.151560000006	44562.923409999996	44510.731289999996	44333.663829999998	45703.069319999995	46015.766649999998	45860.920139999995	45726.793309999994	45395.578730000001	45054.973600000005	44717.750670000001	45352.654440000006	45487.05474	45418.579149999998	45507.1823	45674.422340000005	45896.100399999996	45655.747459999999	45244.807789999999	45250.942090000011	45382.794299999994	45290.592929999999	45103.225409999985	45131.789949999998	45489.559400000006	45454.179639999995	45288.025319999993	46738.458940000011	47083.817250000036	46939.841489999999	46816.549129999999	46487.044610000012	46147.34878	45810.882720000001	46489.883910000011	46645.63622	46589.128729999997	46695.906000000003	46884.108210000013	47128.718840000001	46890.816950000037	46474.584460000005	46493.947210000013	46644.430920000006	46560.447189999999	46376.654510000037	46418.061629999997	46803.007399999995	46777.165059999999	46535.812560000013	47498.665339999992	47540.46875	47193.477370000001	46868.658030000013	46393.777099999999	45925.632639999996	45472.661889999996	45794.273069999996	45681.491839999995	45400.961069999998	45246.732709999997	45148.795849999995	45085.444850000036	44650.454430000013	44097.889070000012	43895.78802	43789.754050000003	43498.905119999996	43137.815430000002	42955.335940000004	43028.081020000005	42772.208759999994	42417.804350000013	43361.108540000001	43455.282729999999	43181.357880000003	42937.448100000001	42543.854540000037	42152.705079999992	41773.091389999994	42199.882260000013	42221.726049999997	42082.256090000003	42075.093079999999	42135.342290000037	42243.254310000011	41975.682740000004	41570.934290000012	41511.548860000003	41557.617779999993	41420.981810000012	41207.387520000011	41172.383620000001	41408.989950000003	41324.039069999999	41133.03527	42275.380790000003	42508.918200000036	42340.043719999994	42187.626719999993	41866.770369999998	41538.363419999994	41213.593739999997	41724.869469999998	41806.818510000048	41715.091329999996	41756.884530000047	41865.092199999999	42019.868480000005	41779.976650000011	41394.600189999997	41368.445970000001	41450.899109999998	41340.782709999999	41148.796839999995	41142.23459	41418.450980000001	41357.834530000036	41185.729309999995	42407.717189999996	42678.66691	42528.052300000003	42393.584940000001	42082.666840000005	41763.396489999999	41447.556050000036	42005.253979999994	42113.869350000001	42040.626919999995	42106.087500000001	42240.207419999999	42422.50389	42192.472600000001	41810.245939999993	41803.276779999993	41909.561809999999	41814.175619999995	41632.798029999998	41644.784759999995	41951.877110000001	41906.847930000011	41745.196169999996	43041.290719999997	43342.788310000011	43203.129209999999	Time (h)
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