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Abstract

Finding a treatment for cancer is a major challenge of our time. In the ongoing research, combi-
nation therapies (the use of several drugs together) are of high interest. In comparison with the
use of a single drug, combinations of synergistic drugs (i.e. drugs that are more effective together
than alone) can be as effective while allowing to overcome the drug resistance, to reduce the doses
at which the drugs are used and consequently decrease their toxic effect and multiply their targets.
However, the space of all potentially effective combinations is too large to experimentally test all of
them and assess their effectiveness. This is known as the combinatorial explosion problem. To over-
come that, the identification of interesting combinations requires the help of computational tools. In
recent years, machine learning models have been successfully used in biomedical applications. They
are typically used in order to determine which combinations would be interesting to be experimen-
tally tested. Since some models aiming at predicting the responses of pairwise combinations (i.e.
two drugs in the combinations) already exist, there are only a few machine learning models able to
predict responses of higher order drug combinations (the order of a drug combination is defined as
the number of drugs in the combination). In addition to the response of a drug combination (typ-
ically expressed as a growth percentage), the synergy score of this combination is of high interest.
The synergy score allows to answer the question: how much are those drugs more effective together
than individually?

This work is a step towards the use of machine learning to predict the effect of higher order (order
larger than two) cancer drug combinations. It has been made in collaboration with Aalto University
(Finland), where a machine learning tool called ComboFM has been developed. ComboFM is able
to efficiently predict pairwise responses of cancer drugs. The goal of this work is to extend the use of
ComboFM to the predictions of higher order drug combinations. To that end, we propose to combine
ComboFM with another model, called the Dose model. The Dose model computes the responses of
any order drug combinations, based on all the pairwise responses existing in the combination.

This thesis investigates how those two models can be combined together in order to predict re-
sponses of higher order drug combinations while decreasing the amount of required experimental
data (pairwise responses). This combination of models gives rise to several issues that are tackled
and investigated.

Firstly, it appears that the Dose model should be slightly adjusted in order to be suitable to the data
used in ComboFM. The Dose model uses a classical Hill function to fit the data and this function can
be modified. The way of modifying this Hill function in order to better fit the data is thus analyzed.
In the second part of the experiments, the way of using ComboFM is investigated. Indeed, there
are a lot of different possibilities of using ComboFM before using the Dose model (which pairwise
responses do we want to predict using ComboFM?). Different of those possibilities are thus tested
and analyzed.

The third part of our experiments focuses on the assessment of the performance through a sensitivity
analysis aiming at understanding how the two models interact with each other.

The Dose model is not the only way to predict responses of higher order drug combinations,. Indeed,
there exist different analytical formulas to do so and thus several of those analytical formulas will
be computed and compared.

In addition to the predictions of the response of a combination, scientists are interested in synergy
scores of the combination. There exist different synergy metrics. Several of them will be computed
from the predictions made with the proposed model, and will then be compared.

Note that in addition, the impact of using ComboFM and the Dose model instead of the Dose model
only is assessed. The last part of experiments tries to increase the order of the combinations in order
to push the analysis one step further.

The experiments made in this work show that ComboFM and the Dose model can efficiently be
combined, as long as the parameters of both models are optimized specifically for this application.
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Chapter 1. Introduction 1.1. Motivation

Chapter 1 Introduction

1.1 Motivation

Cancer refers to a group of diseases characterized by an uncontrolled multiplication of abnormal
cellsP. This illness is one of the principal cause of death in all countries of the world. According
to the global cancer statistics of 202081 19.3 millions of new cases of cancer were diagnosed and 10
million deaths were counted around the world, during the past yearPl. The most common type of
cancer is the female breast cancer, representing 11.7% of the diagnosis and the most lethal type of
cancer is the lung cancer, representing 18% of the deaths. The probability of having a cancer during
his life is now around 46.9 % for a man and around 36.6% for a woman 0. More importantly, it
is expected that the incidence rate of cancer will increase in the coming years. Indeed, in 2040 we
expect 28.4 millions of new cancers which represents an increase of 48% in comparison with 2020.
These numbers show the importance of treating cancer. Bl

However, it is of common knowledge that treating cancer is one of the biggest medical challenges
of our time. Indeed each cancer is different because it depends on the location, the considered
treatment and the causes of the cancer, among other things™2/. The causes of cancer are especially
difficult to identify. It has been established that less than 10% of cancers are hereditary, while the
main causes are environmental factors such as smoking, radiations, chemical substances, virus. M As
a consequence, it appears now H2 that combination therapies are often required 2%, The interest for
combination therapies goes back to the end of the 195027, Such therapies are very promising for
several reasons. They firstly allow to overcome the recurring problem of mono-therapy resistance.
They also allow to reduce the toxic effect of the drugs because when we use a combination of drugs,
we can usually decrease the dose of each drug in comparison with mono-therapy. Furthermore, those
treatments are more efficient because they have a multi-targeting effect. Indeed, each drug in the
combination can have its own target and by combining them, we can multiply the targets 29
However, experiments must be done in order to know the effects of the combinations of drugs.
Ideally, one would be able to identify the most efficient combination of drugs for cancer type as
a pre-clinical stageP8. Dealing with different cancer types means dealing with different cell lines.
This represents a major challenge for at least two reasons. Firstly, we do not know the order of
the best combination (meaning how many drugs we should use), neither which drugs to combine.
Secondly, the response to a drug combination also depends on the cell context (meaning that each
combination should be tested in different cell lines) 8.

All together, each drug combination should be tested at different doses (for each drug in the combi-
nation), on different cell lines. It is easily understandable that experimental screening is unfeasible
in this case. As an example, if we consider one particular cell line and 10 different drugs, each of
them at 10 different doses, one should perform 10'0 experiments. It is not feasible to perform so
many experiments in a reasonable time. This is also not efficient, it would take 10'° experiments
to maybe find a very small number of interesting combinations. This is known as the combinatorial
explosion problem ¥l

This is where computational tools and machine learning models can be very interesting. The pur-
pose of using machine learning in this context is to identify some drug combinations that could be
efficient in a particular context, before doing any experimental measurementsP?. That would al-
low to perform a pre-research and make experimental measurements only on potentially interesting
combinations. That would highly decrease the number of experiments and increase the research
efficiency (and speed).

However, the use of machine learning in this field is quite recent 7. This is largely due to the lack
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Chapter 1. Introduction 1.2. Work structure

of sufficient and high quality training data, which constitutes a major challenge to overcome.

In the best scenario, the scientific community would end up building a model/tool allowing physicians
to choose the best treatment for each patient 7, leading to a personalized and thus more efficient
treatment. We are still far away from that tool but researchers are moving forward.

Note that finding the most effective drug combinations is not sufficient in order to find the best
treatment against cancer. Indeed, this work focuses on the effectiveness of the drugs against targeted
cancerous cell but it does not consider their toxic effect against healthy cells.

1.2 Work structure

This master thesis has been made in collaboration with the Aalto university (Finland), aiming at ex-
tending a developed tool called ComboFMEX . ComboFM is able to efficiently predict the responses
of pairs of drugs. The goal of this thesis is to use ComboFM as a baseline to predict the effect of
higher order combinations (meaning with more than two drugs).

This work is organized as follows:

The first part of this work (CHAPTER [2)) will set the context by explaining the different needed
notions and explaining the different models and formulas used.

The second part (CHAPTER [3]) explains the different possibilities in order to achieve the goal (pre-
dicting the effect of higher order drug combinations using ComboFM) and which one has been chosen
as well as the reasons behind this choice.

The third part (CHAPTER {)) will detail the data on which the work is realized, as well as the chal-
lenges that represents such data.

The implementation of the chosen working hypothesis will be detailed in the next part (CHAPTER|9)).
This choice rises some challenges. Those challenges will be detailed, as well as the chosen solutions
to overcome them.

The last part (CHAPTER@ of this work will present the different experiments, as well as their results
and analysis.

Finally, possible further investigations and experiments will be presented, with the conclusion of this
work (CHAPTER [7)).

Note that the main scripts and data files needed to run the main experiments of this work are
available on GitHub : https://github.com/AmandineGrosfils/Master-Thesis.

Grosfils Amandine 2
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Chapter 2 Background

This chapter aims at providing the baselines of this work, as well as the general principles and tools
that are used in the subsequent chapters.

Several models and methods that can/could give a response (or a part of a response) to our research
question will be explained. In particular, this thesis relies mainly on two models: ComboFM and
the Dose model. Both models will thus be explained in details (see SECTIONS and [2.4)).

2.1 General principles

This section is an overview of the terms/concepts used in this work.

2.1.1 Machine learning

Supervised machine learning model2! is a process in which a model is built in order to find

a relationship between the set of input x and the set of output y. Once the relationship between
both has been defined, the model can be used in order to predict the output corresponding to unseen
input.

The parameters of the model (a, b for example in the case of a linear regression y = ax + b) are
learned in order to maximize the performance of the model (meaning the accuracy of its predictions).

If the output of a model is continuous, the problem is called a regression problem. This is opposed
to classification problems, where the number of possible output values is limited (equal to 2 in the
case of binary classification).

In this work, supervised machine learning methods will simply be referred to as machine leaning
methods, because unsupervised learning will not be used.

Regarding the performance of the machine learning model, one has to distinguish the performance
on the learning set (that is maximized in order to build the model) and the performance on unseen
data which is measured via the generalization error. The most important is the performance in
generalization, in order to obtain an efficient model for various data. To evaluate those performance,
different metrics are used and are detailed below (see TABLE (1| for a summary).

2.1.2 Evaluation metrics

Root-mean-square error (RMSE) 22l is a commonly used method of evaluation. The formula

is the following: RMSE = /) ;' (yi — yi)?, where y is the true output, ¥ is the predicted one and
n is the number of instances in the datasets. The value of the RMSE is always greater or equal to
0. The lower the RMSE, the better the predictions. The best case is thus a value of 0, meaning the
values of g perfectly match the values of y. Note that the range of the RMSE is proportional to the
range of the values which makes the comparison between two RMSE made on different data quite
complicated.

Mean absolute error (MAE) 22l is another measure of error between two sets of data. The
computation is made using the following formula: M AFE = M with n being the number of
elements in the datasets, y the true output and 7 the predicted one. As the RMSE, the MAE is a
scale-dependent measure. The two measures are insensitive to the direction of the errors (the sign
has no importance since there is a power two in RMSE and a absolute value in MAE). For both
measures, the lower the value the better. The main difference between the two measures lies in the
fact that the RMSE gives more weight to large errors, while MAE gives the same weight to all the

eIrors.
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Chapter 2. Background 2.1. General principles

R219  is another value used to evaluate the predictions of a model. The formula is the following:
RQ =1— Z?(Zh_@\z)Z

>o7 (yi—mean(y;
bounded between -1 and 1, which makes it easier to use across different scales of data. The ideal

value is 1, meaning that the predictions perfectly fit the data. The lower the value of R?, the lower
the quality of the predictions.

DEE where the sum is over instances in the test set. This coefficient is always

Pearson correlation coefficient!?2l is a commonly used coefficient to compare two vectors of
data, = and y. The coefficient is computed using the formula: Pearson = %, where cov(zx,y)
is the covariance between x and y and o are the standard deviations. The value is always bounded
between -1 and 1. A value of 0 means that there is no linear correlation between the two vectors, x
and y. A value of 1 or -1 means that there is an exact (respectively increasing or decreasing) linear
relationship between the vectors. Note that having a correlation coeflicient equal to 1 does not mean

that the two vectors of data contain the same values.

Spearman correlation coefficient22l can be seen as a modified version of the Pearson coef-

ficient. While the Pearson coeflicient assumes that the two datasets are normally distributed, the

Spearman coefficient does not make any assumption on the distributions of the two vectors of data.
cov(rgx,rgy)

The Spearman coefficient is computed as follows: ry = =22 where cov(ryx,r4y) is the covari-
rgx gy

ance of the rank variables and OrgxsOrgy aL€ the standard deviations of the rank variables r,x and
rgy. In order to obtain the rank variables, the values of the dataset are sorted in descending order.
The highest value has a rank of 1, the second one a rank of 2 and so on.

Like the Pearson coefficient, the Spearman coefficient is bounded between -1 and 1. A value of 0
means that there is no monotonic relationship between the two vectors of data, while a value of -1 or
1 means that there is a perfect monotonic relationship. The difference with the Pearson coefficient is
that the Spearman coefficient looks for a monotonic relationship, which does not have to be linear.
If there is a perfect monotonic relationship but not linear, the Spearman coefficient will be equal to
1 (in absolute value) while the Pearson coefficient will be lower than 1.

Metric Formula Range of value

RMSE || RMSE = /Y ;' (yi — yi)? | Scale-dependent

MAFE MAE = W Scale-dependent
2 2 _ 1 >Myi—ui)? )
R R =1 st mean)? Ltol
Pearson Pearson = w Oto1l
z0y
Spearman re = w 0tol
rgx gy

Table 1: Summary of the metrics used in this work, as well as their range of value.
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Chapter 2. Background 2.1. General principles

As it has been mentioned, it is very important to assess the generalization error of a model in order to
optimize its performance. There exist different techniques to do so. Two of them are explained below.

Cross-validation?2l is a widely used method to validate and optimize a model (see model se-

lection part of FIGURE . The idea is to divide the dataset in different folds and then use one of
the fold as a test set and all the others as the learning set. The method allows to test different
parameters for the model and find the ones that give the best performance. In this work, a 5-folds
cross-validation will be used. In addition, a test set can be kept apart in order to predict the outputs
of data that is never part of the learning set. This method has been used in this work.

LS TS Model evaluation

Folds TS Model selection

LS

Figure 2: Schematics of a cross-validation and a separated test set. The dataset is divided into the
learning set and the test set. The learning set in then divided in 5 folds. In each loop (the number
of loops is equal to the number of folds) of the cross-validation, each folds is once the test set while
all the others constitute the learning set.

Nested cross-validation is a more elaborated cross-validation. The general principle is the same
but the division into different folds goes one step further. Each fold of the cross-validation is divided
into p other folds. The cross-validation is thus doubled. As an example, a 5 x 10 nested cross-
validation is typically used.

The nested cross-validation is generally used when hyperparameters of the models need to be op-
timized ™. Hyperparamaters differ from classical parameters in the fact that their value is used
to control the learning process. In contrast, the value of the classical parameters is obtained via
the learning step3l. Using the classic cross-validation (without a separated test set) instead of the
nested one can introduce a bias into the model towards the dataset. This is due to the fact that, in
the non-nested cross-validation, the same data is used in order to both tune the model parameters
and evaluate its performance. This creates a risk of overfitting. Using the nested cross-validation
allows to avoid this biasH4l.

In order to evaluate the performance of a model in generalization while avoiding overfitting, one
has typically two options. The first one is to use a cross-validation added to a test set. The second
one is to use a nested cross-validation, as explained above. In the ComboFM paperPd. a nested
cross-validation was used. In this work, we will use a cross-validation and a separated test set.
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Chapter 2. Background 2.1. General principles

2.1.3 Machine learning regression models

Different methods of machine learning are used in this work, the main one being higher-order fac-
torization machines. In order to introduce how this method works, let us start by reminding some
more basic machine learning methods.

Linear regressionm 26l g o very simple model. From the input x € R", the prediction §(x) is
the following:

g(x) = wo + Zwiiﬁi (1)
i=1

where n is the number of features in the input data, corresponding to the number of weights w; to
be learned. This very simple model allows to make the predictions in linear time, O(n), while the
learning step has a time complexity of O(n3). However it does not handle the interactions between
the different features, meaning that each weight is associated to an individual feature. To overcome
this drawback and capture features interactions, one can introduce weights that are combining the
features:

n n n
g(x) = wo + sz‘l‘z + Z Z LT jWij (2)
i=1

i=1 j=i+1

where w is a matrix of weights w;;. This formula corresponds to a polynomial regression. Adding
the w;; weights allows to capture the interactions between two features at a time. The complexity
(both in time and space) of the model is increased to O(n?) for the evaluation of the model. The
main drawback of using this polynomial regression is that it is not convenient when dealing with
sparse data, meaning learning the w;; is difficult. One possibility to overcome this serious drawback
is the use of factorization machines.

Factorization machines (FM) 611261  are supervised learning approaches, based on the polyno-
mial regression presented above (EQUATION . The difference comes from the modeling of the
weight parameters. In FM, those weights are modeled using factorized parameters, which allows to
rewrite the equation:

§(x) =wo + Y wimi+ ) Y (vi,vj)aiz; (3)
=1

i=1 j=it1
where
k
(vi,v)) = > wvipvjg (4)
=1

which is the dot product of the two features vectors, of size k, where k is an hyper-parameter of the
model called the rank of factorization.

The use of a factorized form to estimate the weights decreases the number of estimated parameters,
compared to polynomial regression from O(n?) to O(nk).

There exist different implementations in order to learn the weights of factorization machine. Typi-
cally, gradient-based optimization methods are used.
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Chapter 2. Background 2.1. General principles

Higher order factorization machines (HOFM)8I27l  5re an extension of factorization ma-
chines. It allows to extend the formula to an arbitrary order m of factorization (while this order is
equal to m = 2 in the case of simple factorization machines). The predictions follow the same idea:

n n n
y(x) = wo + Zwixi + Z Z w; jTixj + ...+ Z Z Wi sig....im Liy Tig - Liypy (5)
i=1

i=1 j=i+1

where m is the order of factorization. In that case, one can capture the interactions between m
features at a time. The order of factorization must be carefully chosen in order to give satisfying
results while limiting the number of weights to estimate.

The factorization form of the weights gives:

Wi i im = (Vigs Vigs -, Vi) (6)

where (Viy, Vig, -, Vi) = 9 oeq ViysVigs---Vi,s 18 the generalized inner product, computed by taking
the sum over features of the product of the factors.

2.1.4 General principles of drug interactions

In this work, we are interested in cancer drugs. Responses of cancer drugs are typically expressed
as a percentage of growth of the targeted cells, depending on the dose of the drug(s). For each
considered dose, there is one corresponding response. We thus have a so-called drug-response curve.
The corresponding machine learning problem is a regression problem, if we want to predict the
mono-therapy response of a drug for one particular dose.

However, the responses of drugs (both antibiotics and cancer drugs) can be expressed in a binary
way: either it is efficient or not efficient. This corresponds to a classification problem of machine
learning. Typically, the research in antibiotics focuses on this qualitative response: the microbe is
or is not drug resistant. One can do the same for cancer drugs: the cancer tissue is or is not drug
resistant. This type of response will not be considered in this work, simply due to the used dataset
(see CHAPTER M for more information concerning this dataset).

Below is an overview of the different responses and interactions between the drugs that are used in
this work.

Mono-therapy response 31 s the response of a single drug, expressed in growth percentage in
this work. It is represented as a dose-response curve, meaning for each dose of the considered drug,
we have the corresponding response.

Pairwise responsel3ll is the response of a combination of two drugs. By considering cancer
drugs, it is represented as dose-response surface. For a given combination, each drug can be taken
at different doses. This gives rise to dose-response matrices.

In general, the response of a combination of n drugs is represented in a n+1 dimensional space.

In order to fully understand how we can characterize a combination of drugs and the mechanisms of
interactions between the different drugs, several definitions are needed. Let us consider a combination
of three drugs, A, B, C as represented on FIGURE

Pairwise interactions®1 are all the interactions between only 2 drugs. Inside a combination
of 3 drugs for example, we find 3 pairwise interactions (corresponding to the interactions between
drugs A-B, B-C and A-C on FIGURE |3).
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Emergent interaction is the interaction between all the drugs of the mixture. There is only
one emergent interaction in a given mixture of drugs (corresponding to A-B-C in the case of three
drugs).

Net interactionsBl are the set of all the interactions. It does include the pairwise interactions
and the emergent interaction (corresponding to A-C, B-C, A-C and A-B-C) but also all the others
if there are at least four drugs in the combination. If we consider the quadruplet of drugs ABCD,
the interactions between ABC, BCD and ACD are neither pairwise interactions neither emergent
interactions, they are thus called other interactions.

A
A-B AC
A-B-C
B C
B-C

Figure 3: Representation of the different interactions between drugs in a mixture of 3 drugs A, B
and C.

Hill equations/curves were initially used in biochemistry. They refer to the binding of ligands to
macromolecules (such as proteins). It is expressed as a function of the ligand concentration. In gen-
eral the binding of a new ligand is enhanced if there are already other ligands on the macromolecule
(this phenomenon is known as cooperative binding). Typically Hill curves are sigmoid curves. Their
shape is thus very convenient to also represent dose-response curves, see FIGURE [4] for an example of
a Hill curve fitting mono-therapy data points. The type of data used is important to understand this
curve. Indeed, in general one would expect the response to be a increasing function of the stimulus
(dose). It is indeed the case here because the response is expressed as a growth percentage of the
targeted cells. The lower the response, the greater the impact of the drug. As a consequence, the
effect of the drug increases with the considered dose. See SECTION [£.] for a detailed explanation of
the data used in this work.

2.1.5 Synergy quantification

A synergy combination of drugs is defined as a combination having a greater effect than the sum
(or product or other formulas, depending on the synergy model used) of the separate effects of the
drugs. Opposed to synergistic combination, we have antagonistic combinations. Their effect is thus
lower than the combination of the separate effects of the drugs. Having a synergistic or antagonistic
combination reflects the presence of interactions between the drugs.

Synergy quantification is the actual goal of predicting the responses of drug combinations. One
wants to discover synergistic combinations, and answer the question: are those drugs more effective
together than alone?

In general, the synergy or antagonism quantification is computed by taking the difference between
the expected effect by assuming no synergy and the measured or predicted effect of the combina-
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Figure 4: Example of a Hill curve fitting mono-therapy data.

tion. If the measured/predicted effect is greater than the expected one, we talk about synergistic
combination. If it is lower, we talk about antagonistic combination. In both cases, the greater the
difference, the stronger the interactions (that can be positive or negative) between the drugs.
However, there exist several definitions of a synergistic combination. The three main principles when
dealing with synergy quantification are 1

m Dose equivalent principle (DEP): the principles states that if the effect of reducing one drug
dose can be counterbalanced by adding a second drug at a constant ratio, the two drugs are
said to be additive. There is no synergy between them.

m Multiplicative Survival principle (MEP): it considers a probabilistic approach. It states that,
in case of no-synergy, the probability for the combination to be ineffective is equal to the
product of the probabilities of each drug alone. This formulation was firstly introduced by
Bliss in 193915 and gave rise to the Bliss independence formula that will be later presented.

m Highest single agent (HSA): it states that there is no synergy if the effect of a combination is
equal to the effect of the most effective drug of the combination.

Different synergy scores derived from those general principles will be used in this work and are thus
presented below. The notation is the same for all the scores: g; is the effect of a single drug 7 and
gij is the effect of the pair of drugs ¢ and j.

Bliss score corresponds to the application of the MEP principle. The score is thus: S;; = g;g;—gj,
where g;; is the observed response and g;g; is the expected one. If S;; > 0, it means that g;g; is
greater than g;;. According to how the data used in this work is defined, i.e. the lower the response
value the greater the effect (see SECTION , a lower g means a more effective drug (and thus a
higher response). As a consequence, if g;g; > ¢;j, then the observed response is greater in term of
effectiveness (but lower in value) than the expected one and so we can talk about synergy. If S;; < 0,
the observed response is lower than the expected one and so the combination is antagonistic. It the
score is equal to 0, the two drugs are said to be independent.
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HSA score simply corresponds to the HSA principle. The formula is the following: S;; =
min(gi, g;) — gij- Note that the most effective drug is the one having the lowest value of g be-
cause it corresponds to a higher growth inhibition (SECTION 4.1.2]). That explains the min in the
formula.

The interpretation is the same as the one of the Bliss score. If the score is positive, we consider the
pair to be synergistic. If it is negative, we consider the pair as antagonistic.

Note that those two simple scores can very easily be extended to higher order drug combinations,
by extending the product and the min term respectively.

ComboScorel??l  can be seen as en extension of the Bliss score. However there is a significant
difference. While we have one Bliss score for each dose combination, we have only one ComboScore
for each drug combination.

The idea is the same as the one of the other synergy scores. One compares the difference between
the expected response and the measured (or predicted) one. The difference is that ComboScore
takes the sum of the differences for each dose combination. Let us consider two drugs, A and B,
respectively taken at doses D4 and Dp, the ComboScore is computed as follows:

ComboScore(AB) = Z 9AaB(Da,Dp) — Zap(Da,Dp) (7)
Dy,Dp

where gap(Da, Dp) is the response of the pair of the 2 drugs, while Zap(D4, Dp) is the expected
response:

min[ga(Da), gp(Dg)] if ga(Da) <0 or gp(Dg) <0
ﬁ(ﬂ(DA) * gp(Dp)) otherwise

Zap(Da, Dp) = { (8)
where ga(D4) = min(ga(Da4), 100) which truncates the response of a drug to 100, meaning that the
expected growth with a drug can not be higher than the one without any drug (the control). The
minimum between g4 and gp if one of them is negative ensures that if one of the drugs kills the cells,
the combination does too (see SECTION for further information about the growth percentages in
the dataset used in this work).

If the ComboScore is greater than 0, the combination is theoretically synergistic. However, the
greater the score, the stronger the synergy of the combination. As a consequence, a threshold higher
than 0 is often chosen to define synergystic combinations.

Note that the ComboScore can easily be extended to higher order drug combinations. Consider a
m order combination as example. Under the Bliss assumption the term Z4p will become:

min(ga, 9B, -, gm) if ga <0 or gg ... or gay <0 ()

ZaB..m(Da,Dp,..Dy) = { —~(ga * gB * ...gar) otherwise

1
100

Loewe additivity model® is another commonly used model to assess the synergy of a pair of
drugs. Let us consider two drugs: A and B. d4 and dp are the doses at which the combination of A
and B gives the given effect e. We further define D 4. and Dp., the doses at which drugs A and B
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produce the effect e alone. The Loewe additivity model is defined as follows:

da dp
=1 1
DAe * DBe ( 0)

The model is usually represented in a 2D space, as shown in FIGURE ] When EQUATION is
satisfied for all the effects e, we have the so-called isobole curve. The synergy or antagonism of the
combination is assessed by the deviation from the isobole. If the dose-response curve of the drug pair
is below the isobole, the pair is synergistic. Indeed, in that case the required doses to obtain a given
effect e are lower than the ones if the drugs were additive. On the contrary, if the dose-response
curve is above the isobole, the pair is considered to be antagonistic. In that case, the required doses
are higher than the ones if the drugs were additive.

dp

A

(0, Dep)

Antagonism

Isobole
> d A

(D€A7 0)

Figure 5: Representation of the Loewe additivity model for the pair of drugs A-B.

2.2 Related work

This section aims at explaining how responses of high order drug combinations can be predicted
using different analytical formulas or machine learning methods. Note that analytical formulas must
be distinguished from machine learning models, because no parameters are learned when using them.

2.2.1 Analytical formulas

There exist several formulas modeling the responses of combinations of drugs. The general idea is to
predict the response of a combination with a formula involving responses of lower order combinations.
Those formulas are not actual machine learning models because the idea is to measure responses of
lower order combinations and then use the formulas. However, there is no learned model and no
training step. Some of those formulas make the assumption that only pairwise responses are enough
to predict the response of high order combinations (any order greater than two). This hypothesis
will be developed later (see SECTION . The different formulas and their hypothesis are summarized
in TABLE 21

Note that the response of a drug 7, noted g; always depends on the dose at which it is considered:
gi(D;). To ensure the simplicity of the notations, we will simply write g;.

The Bliss Formulal4l is the most basic formula. It simply assumes that the response of a drug
combination is the product of all the mono-therapy responses of the drugs in the combination, taken
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at their respective dose: g1, n(D1, D2, ..., Dy) = g1(D1)g2(D2)...9n(Dy,).

The Dose modell3l is an extension of the Bliss formula and uses only mono-therapy and
pairwise responses to predict the responses of high order drug combinations (any order greater
than two). The basic idea is to use effective doses instead of actual doses in the combination:
gl,...,n(Dla Do, ..., Dn) =g (Dleff)--~gn(Dneff)

The effective doses aim at reflecting the interaction between two drugs. It means that the presence
of a second drug has an impact on the effect of the first drug (and vice versa). This is modeled via
the effective doses (each real dose has its corresponding effective dose). If the effective dose of the
first drug is higher than the real one, it means that the second drug enhances the effect of the first
drug. If it is lower, the second drug limits the effect of the first one. If the effective dose is equal to
the real one, the second drug does not impact the effect of the first one (no interaction between the
drugs).

The main hypothesis of the dose model is that pairwise interactions are enough to fully characterize
the responses of a drug combination of any order. The Dose model is detailed in SECTION [2.4]

The Pair model3¥ s the following: Ji,.n = (Hw gij)l/("_l). It assumes that one can rely only
on pairwise data to predict responses of higher order combinations. This model has an interesting
property, called the Bliss conservation property: if the pairs are assumed to be Bliss pairs (g12 =
9192), then the formula is the same as the Bliss model.

The Iserliss formulal®4l is another formula. The formula for a triplet of drugs is the following :
9123 = 91923 + 92913 + 93912 — 2919293. For a quadruplet of drugs, it gives: g1234 = 912934 + 913924 +
g14923 — 291929394. This formula makes the same assumption as the Pair model: one can rely only
on pairwise data to predict responses of higher order combinations. As the Pair model, the Iserliss
formula satisfies the Bliss conservation property. To the best of our knowledge, this formula has not
been tested on cancer drugs yet but seems to be very efficient for antibiotics (especially for triplets
and quadruplets) 33,

The regression model®¥ s the last formula and is the following for a triplet of drugs:
glo3 = $292913  Ag the last two formulas, it assumes that pairwise data are enough for higher
order predictions. It also satisfies the Bliss conservative property.

Side note

All the presented formulas require to know those mono-therapy responses at the doses of the drug
combinations. This is not very convenient because it does require quite a lot of measurements. One
can avoid this by fitting a curve (typically a Hill curve) to some mono-therapy data points. By
doing that, one can then have the mono-therapy response of a particular drug for any desired dose.
Machine learning techniques can thus decrease the number of required measurements.

All the formulas presented above can be divided in two parts: from one hand we have the Bliss
formula and the Dose model and on the other hand we have the Pair model, the Iserliss formula and
the regression model. The difference remains in the needed measurements to implement the formula.
The Bliss formula needs only mono-therapy data. The Dose model needs mono-therapy data and
pairwise data to get its parameters but not especially at the doses of the higher order combinations
(because data interpolation is performed).

On the contrary, all the other formulas require the pairwise data at the doses of the higher order
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combination. That makes them more complicated to use because, once again, the main problem in
this field is data availability.

H Formula ‘ Hypothesis

No interaction

Bliss 91,..n(D1, ..., Dyp) = g1(D1)...9n(Dy,) between drugs
Pairwise interactions

Dose model 91,..n(D1, ..., Dp) = g1(Dicff).--gn(Dness) are sufficient
Pairwise Interactions

Pair model g1,.n(D1,...,Dp) = (I1 gij)l/("_l) are sufficient
Pairwise interactions

Iserliss formula || g123(D1, D2, D3) = 91923 + 92913 + 93912 — 2919293 are sufficient
Pairwise interactions

Regression model g123(D1, D2, D3) = % are sufficient

Table 2: Summary of the different formulas and their hypothesis to predict the responses of higher
order drug combinations.

2.2.2 Machine learning models

By contrast with analytical formulas, machine learning models are able to predict the responses of
a drug combination at any doses. Indeed, the models learn a relationship between the doses (and
all the other input data, depending on the model we consider) and the responses. Once the model
is learned, one can thus obtain the predicted responses for any unseen combination of drugs (the
combination itself can be unseen or just the doses of the combination can be unseen). While machine
learning methods seem to be much more interesting than simple formulas, they are also much more
complicated to obtain. Indeed, the main challenge of learning a model is the learning data which
has to be in high quantity and of high quality. This section describes some of the existing machine
learning models used in this context.

DECREASE 24 (Drug Combination RESponse prEdiction) is a machine learning model able to
efficiently predict missing entries in a pairwise dose-response matrix. The input to the DECREASE
model is incomplete dose-response matrices (including the mono-therapy data for each drug in the
pair), it thus only considers pairs of drugs. The algorithm is constructed in 3 steps:

m Outliers detection: it is possible that some measurements (of mono-therapy responses or of
pairwise responses) may be wrong and considered as outliers. The algorithm detects them in
order not to use them as training data. All the detected outliers are removed from the data
and now considered as unknown.

m Full matrix prediction: the model predicts the missing entries of the dose-response matrices,
as well as the outliers that have been removed in the first step. The predicted values are
percentage of inhibition, between 0 and 100. The model uses a weighted non-negative matrix
factorization (NMF) algorithm to make its predictions.

m Synergy scoring: now that the dose-response matrices are complete (the missing entries have
been predicted in the previous step), DECREASE can use different synergy models to assess
the synergy score of each pair of drugs. It allows the detection of synergistic or antagonistic
combinations of drugs.

DECREASE has been tested for both cancer and non-cancer drugs. It achieved great performance in
terms of synergy score prediction. However, the model is for now only able to predict the responses
of pair of drugs and has not been extended to higher order combinations yet.
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DeepSynergy 22 s the first use of deep learning in order to predict drug synergy. Deep learning
is defined as a field of machine learning, based on artificial neural networks. DeepSynergy is able
to predict synergy scores for pairs of drugs. The considered synergy score is based on the Loewe
additivity model (SECTION . As input, the model uses the chemical descriptors of the two
considered drugs as well as genomic information of the considered cell line.

DeepSynergy has been trained on a dataset composed of 23 062 combinations of 2 drugs in a cell
line. The dataset comprises 39 different cell lines, in a total of 7 different tissue types.

The model has been compared to four other machine learning models. DeepSynergy performed
better than the other models. It gives good results while predicting synergy score on novel pairs of
drugs. However, the results are significantly less good while predicting synergy scores on novel pairs
and novel cell lines (and this is the case for all the models tested). This can be due to the small size
of the used dataset.

Dr.VAE 0l (Drug Response Variational Autoencoder) is a deep generative model. The model
uses a Variational Autoencoder to map the expression of the genes before and after the effect of a
drug (via a latent embedding), with a (logistic regression) classifier. This classifier learns from the
latent embedding of the VAE, and predicts probability of drug responses. Dr.VAE is able to predict
the responses of single drugs (mono-therapy responses), which makes it less interesting than other
models, especially in the context of this work.

TreeCombol?5!  is another machine learning model used to predict the synergy score of pairs of
drugs. TreeCombo uses extreme gradient boosted trees, which sequentially combines tree-based
models. TreeCombo predicts the synergy score based on the Loewe additivity model (SECTION
, in the same way as DeepSynergy. Furthermore, it uses the same features as input, namely
the chemical descriptors of the drugs and the gene expression level of the cell lines. The model has
also been tested on the same dataset as DeepSynergy. TreeCombo showed 10% better performance
than DeepSynergy.

Furthermore, TreeCombo is said to be more interesting because its predictions are more easily
interpretable.

ComboFMR7  is a Machine Learning method able to efficiently predict pairwise responses of
cancer drugs. It uses Higher Order Factorization machines to learn the parameters of non linear
regressions.

It is the very first building block of this work and will thus be explained in details in SECTION

Side note

All the models presented above are, at best, able to predict pairwise responses but no higher order
drug combinations. This highlights a little bit more the goal of this work and its motivation.
Furthermore, ComboFM is one of the few models predicting responses of drug combinations, and
not only synergy scores. This constitutes a significant advantage of this model.

2.3 Dose Model

2.3.1 General principle

The Dose Model has been firstly introduced in 201683, This model was built to predict the response
of high order drug combinations (for any number of drugs), by taking as input the mono-therapy
data of each drug and pairwise data of each pair of the drugs in the combination, and giving as
output the response of the drug combination at different doses. This model was originally designed
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for antibiotics but it can also be used on cancer drugs. The Dose model is based on the Bliss indepen-
dence model, which has been described above (SECTION [2.2.1). The Dose model improves the Bliss
independence model by modifying the hypothesis: only pairwise interactions between drugs have an
impact on the overall effect of the drug combination (instead of considering that mono-therapy data
contain enough information). The Dose model modifies the Bliss model by introducing the effective
dose of each drug. The formula becomes:

91,0 (Dieffy - (Dnef)] = g1(Dieff)--gn(Dnegr) (11)

where the effective doses model the pairwise interactions. They are computed by dividing the real
dose by a Michaelis-Menten-like factor:

Dijeys/Doj 1
Dicsp(Di) = Dy | [(1 4 aij—25 2
g L+ Djesy/Doj
where a;; is called the interaction parameter and represents the impact of the drug i on the effective
dose of drug j, and Dy; is the halfway point of drug j (the doses at which the effect if 50% of the
maximum effect). The model thus relies on the assumption that pairwise interactions are sufficient
to predict the response of high order combinations.

(12)

The Dose model works as a succession of different steps, each of them being an estimation /compuation
of a parameter.

Mono-therapy responses The first step is to obtain the expression of the mono-therapy response
of each drug: g;. The mono-therapy g;(D;) data is fitted using a Hill curve (estimation of the pa-
rameters Do;, n;):

1
9Di) = 17D, /Doy (13)
Pairwise response This step aims at computing the interaction parameters a;; and aj; for each
pair of drugs. Those parameters are derived by taking into account the known mono-therapy re-
sponses and pairwise responses (i.e. the responses of a pair of drugs). Based on the mono-therapy
responses (EQUATION , one can write and resolve the equations of the effective dose (in the pair-
wise combination) of each drug:

912 =91(D1efr)92(Daegy)  with
Doess/Do2 |4

14 Daocs¢/Do2
Dieyg/Dor 4

14 Dicfs/Don

Dicrr =D1(1+ a2 (14)

Doepp =D2(1 + a2

Effective dose in the whole combination Once all the model parameters have been estimated
(Doi,n;) and computed (aj2,a21), one can resolve EQUATION and then EQUATION for each
dose of interest (the ones we want to predict). For each real doses of the drugs in the combination,
one can obtain the corresponding effective and thus the response.
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2.3.2 Performance of the Dose model

The Dose model has been tested with different order of combinations (up to 10) and different types
of drugs®3l,

Firstly, the model has been used to predict the responses of triplets and quadruplets of antibiotics 3!,
The dataset was composed of 6 triplets and 2 quadruplets, with a total of 1 384 dose combinations.
The R? of those predictions is comprised between 0.85 and 0.93, which corresponds to good perfor-
mance.

Secondly the Dose model has been tested on three anticancer drugs (the same 3 drugs that will
be investigated in this work, see SECTION [5.2.1). The three drugs have been tested at 8, 7 and 5
different doses respectively, which gives 280 different points.

The R? on the predictions of the all three-drug interaction matrix is equal to 0.82. It is once again
corresponding to good performance.

In a second paper on the Dose modelB4 even higher order combinations have been tested. The
order of the tested combinations goes up to ten drugs (antibiotics).

Three to ten drugs combinations of antibiotics for E. Coli were predicted. The R? of those predictions
is always between 0.88 and 0.96. The RMSE is between 0.04 and 0.07 . Knowing that the response
is always between 0 and 1, a maximal error of 0.07 is totally satisfying. This represents 7% of error.
This range of error seems acceptable in such a context. Indeed, knowing that a combinations of
drug is efficient at 85% or 78-92% does not change much the conclusion. The reverse observation is
the same, if a combination is efficient at 10% for example (meaning it is not effective), it is not very
important to know if it is 3% or 17%.

Finally, the model has been used to predict the effects of tuberculosis drugs. 9 drugs have been
selected to form 4 triplets, 4 quadruplets and 1 quintuplet. The R? on the predictions is always
greater than 0.9 and the RMSE around 0.06.

The Dose model has thus proved that it can achieve a very good level of performance and is reliable
to predict the effect of higher order drug combinations, even when this order goes up to 10 drugs.
The performance on cancer drugs are satisfying but only triplets have been tested. We thus do not
know if the Dose model is efficient for combinations of cancer drugs of order greater than 3.

Summary The Dose model takes as input the mono-therapy data of each drug and pairwise data
of each pair of the drugs in the combination. As an output, the model is able to predict the response
of the drug combination at different doses.

As an example, if one wants to have the response of a triplet of drugs A,B,C, one would need to have
data about the 3 mono-therapy responses in addition to responses data of the 3 pairs: AB, BC and
AC. It is not mandatory that the doses at which the input data are taken correspond to the doses
at which we want to predict the responses of higher-order combination. This is a big advantage of
the Dose model.

2.4 ComboFM

Machine learning tools applied to the problem of higher order drug combinations have been developed
much more recently than the analytical formulas presented above (see SECTION [2.2.1)). The main
reason of this late development is the lack of training data. Indeed, an efficient machine learning
tool needs a lot of data to train. Collecting enough data is a real challenge due to the number of
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different drugs, cell lines and the high heterogeneity of cancer cells.
The following of this section aims at developing the ComboFM model 7.

2.4.1 General principle

ComboFM P is a new machine learning framework, able to efficiently predict the effect of pairs of
cancer drugs. ComboFM uses high order tensors to model the cell context-specific drug interactions.
Even if ComboFM is not the only machine learning tool able to predict drug responses 24 B0 it has
several important advantages.

The main one remains in the prediction in itself. Indeed, while most of the other computational tools
such as DeepSynergy and TreeCombo (see SECTION directly predict drug combination syner-
gies (i.e., if the effect of the combination is greater than expected), ComboFM predicts the actual
response (i.e., the effect of the combination) as a percentage of growth. This is a very interesting
point, because discovering synergistic combinations constitutes the final goal of drug combination
experiments. However, there exist different synergy quantification methods (SECTION . These
synergy quantification methods are based on the responses of the drugs and combinations. Therefore,
predicting the responses and not a synergistic classification allows to choose the synergy quantifi-
cation method and to compare the methods. ComboFM uses the NCI ComboScore as a synergy
classifier. The NCI ComboScore has been introduced with the NCI-ALMANAC dataset and is based
on the Bliss independence score.

The second main advantage is the fact that ComboFM is able to integrate a lot of information.
Indeed, in addition to the needed inputs of the model, ComboFM can handle additional inputs.
Those additional inputs are generally describing the drugs and cell lines. Typically, chemical and
genomic descriptors are used. In this context, the genomic descriptors used are gene expression
profiles of the cancer cell lines. They were obtained using the rcellminer R package. Concerning the
chemical descriptors of the drugs, molecular fingerprints were used. Molecular fingerprints are series
of bits, representing the absence (0 value) or the presence (1 value) of particular substructures in
the molecule. The longer the series of bits, the more precise the molecular description. In this work,
fingerprints of type 'E-state’ were selected. It consists of 79 bits, corresponding to the E-state atom
types, as defined in the rcdk R package. The E-state fingerprint is based on electrotopological state
(E-state) indices, which encodes information about associated functional group, graph topology, and
the Kier-Hall electronegativity of each atom ™.

Finally, ComboFM is one of the few computational tools able to predict one response for each dose
combination (and not only one prediction for each pair of drugs).

2.4.2 Detailed method

The general principle of ComboFM is the use of higher-order factorization machine (HOFMs) (see
SECTION for further information). The FM models the interactions between the different modes
of a high order tensor. The tensor is indexed by the different drugs, their concentrations and the
cell lines (and potentially additional information).

ComboFM is able to predict responses of pairs of drugs in three different scenarios (as shown in
FIGURE @2”. Note that in all the scenarios, ComboFM knows the mono-therapy responses of the
drugs in different cell lines. This means that even more challenging scenarios could be tested. As
an example, one could remove the mono-therapy measurements in some cell lines.

Data representation In order to integrate all the information regarding the interactions between
the drug combinations in the cell lines (depending also on the doses of each drug), ComboFM uses a
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Figure 6: Representation of the 3 different scenarios of ComboFM. Image taken from 27

fifth-order data tensor, referred to as X (FIGURE @ For the learning step of the machine learning
model, the X tensor is flattened as a 2D array (FIGURE . In that 2D array, each row vector
x corresponds to a single entry of X. y; is the responses associated to the it* row of x. Given
this response, ComboFM models the relationship between the data using higher-order factorization
machines (HOFMs). The data is thus represented in a one-hot encoding way.

Note that each entry of the flattened array x is duplicated. This is necessary in order to ensure that
the pair of drug A-B is considered as the same as the pair of drug B-A.

Higher-order factorization machines (HOFMs) Higher-order factorization machines learn a
non-linear regression model from x to the output y, see SECTION [2.1.1] for further information. It is
done by estimating regression weights w;, . ;, for each combination of input features x;, .. ;,, where ¢
is the order of the interactions (set to 5 in this case). One advantage of using factorization machines
instead of polynomial regression is that the weights are estimated using factorized parametrization
(instead of estimating them separately). In higher-order factorization machines, the weights are
coupled via the multiplication of the latent factors learned (FIGURE E[) This difference constitutes
an advantage because it avoids computational and statistical problems that could arise from the
direct estimation of the total weight tensor W. Furthermore, coupling the weights allows to learn
efficiently on very sparse tensors, which is typically the case in such a context.

In ComboFM, the weights of the model are learned by minimizing a regularized mean squared error:
N B 8
. . 1 t
min— (i = Gi))° + WP + 37 Dl i (15)
i=1 t=2

where 1, ..., Bm > 0 are the regularization parameters. ComboFM uses a uniform set of regulariza-
tion parameters (31 = ... = (3,,) in order to limit the numbers of parameters to optimize.

In ComboFM, the optimization of the weights (and thus the learning of the models) are implemented
using TFFM 8. TFFM is a TensorFlow implementation, able to handle factorization machines of
any order. In order to optimize the weights, TFFM uses gradient-based optimization and a logistic
loss.
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Figure 7: Representation of the fifth-order tensor X of ComboFM. Image taken from 27
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Figure 8: Representation of the flattened array x of ComboFM. Image taken from 27
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Figure 9: The parameters of the models W;, ;, . ;,, where t is the order (equal to 3 in this example)
and i1, 19, ..., 7; are the features of input data are learned by the high order factorization machines.
k is the rank of factorization while d is the total number of features of input data. Image taken
from 7
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2.4.3 Performance of ComboFM

The performance of ComboFM has been assessed 20 by using a nested cross-validation, made of 5
inner folds and 10 outer folds. As it has been explained in SECTION[2.1.2] the nested cross-validation
is used in order to avoid the risk of overfitting while evaluating the model.

The performance was evaluated by taking the average on the 10 outer folds of the cross-validation.
The three possible scenarios of ComboFM have been tested, see TABLE [3] for the performane. The
performance has been assessed on a subset of the NCILALMANAC dataset (see CHAPTER 4] for
further information regarding the NCI-ALMANAC dataser). This subset was composed of 50 anti-
cancer drugs approved by the FDA. 617 different combinations of two of those drugs were considered,
across 60 different cell lines. Those cell lines are originated from 9 different tissue typesPd. In
total, this constitutes a dataset of 333,180 drug combination response measurements and 222,120
monotherapy response measurements.

ComboFM is able to reach great performance in the three scenarios. The poorer performance is, as
expected, achieved in the last scenario since there are less data to train the model.

‘ RMSE ‘ Pearson ‘ Spearman

New dose-response entries 9.86 0.97 0.91
New dose-response matrices | 10.39 0.91 0.9
New pairs of drugs 13.04 0.95 0.88

Table 3: Summary of the performance of ComboFM, in the three different scenarios. The values are
the averages performance on the 10 outer folds of the nested cross-validation.

2.4.4 Summary

ComboFM is an effective tool to predict the responses of pairs (and only pairs) of drugs. It is very
suitable for the goal of this work because of the nature of its predictions. Indeed, the dose-response
predictions (rather than synergy predictions) are required in order to use the Dose model, as it wil
be explained in SECTION [5]

2.5 Conclusion

This chapter aimed at explaining the needed concepts in terms of machine learning and drug in-
teractions that will be used in the rest of this work, as well as the different models used. Related
works were also presented. Finally, the two building blocks of this work namely the Dose model and
ComboFM have been detailed.
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Chapter 3 Predicting effect of high order com-
binations of drugs

This chapter will explain several possibilities to predict the responses of higher order drug combina-
tions using ComboFM, as well as their corresponding hypothesis.

3.1 Working hypothesis

The goal of this work is to manage to predict the effect of high order drug combinations (meaning
combinations of order higher than 2), by using ComboFM. It turns out that there are mainly two
point of views regarding the interactions between the drugs in a combination. These two points of
view will be developed in this section and the rest of this work will focus on the first one.

Before going into the details of these hypotheses, one should keep in mind the following definitions of
the different types of interactions inside a mixture of drugs. Below is a reminder of those important
definitions:

m Pairwise interactions are all the interactions between only 2 drugs. Inside a combination of 3
drugs for example, we find 3 pairwise interactions.

B Emergent interaction is the interaction between all the drugs of the mixture. There is only
one emergent interaction in a given mixture of drugs.

m Net interactions are the set of all the interactions. It does includes the pairwise interactions,
the emergent interaction but also all the others if we consider a combination of order greater
than 3.

Let us illustrate those types of interaction with two examples.

Firstly, one can consider a mixture of 4 drugs: A, B, C and D. In that case, there are 4 pairwise
interactions: A-B, B-C, C-D and D-A. There is only one emergent interaction: A-B-C-D. The net
interactions are all the already cited ones and the other interactions: A-B-D, B-C-D and A-C-D.
Let us do the same illustration with a triplet of drugs (FIGURE : ABC. In that case we have 3
pairwise interactions: A-B, B-C, C-D. Once again, there is only one emergent interaction: A-B-C.
In this case there is no other interaction, the net interactions are only the pairwise and the emergent
ones.

3.1.1 Hypothesis 1

The first point of view is the one adopted by the Dose model but also by all the analytical formulas
presented in SECTION It states that emergent interactions are very rare. That implies that
pairwise interactions contain enough information in order to be able to efficiently predict the effect
of higher order combinations of drugs. This hypothesis has been validated by the performance of
the different formulas presented, especially the Dose model. However one has to keep in mind that
those formulas have been mostly tested with antibiotics. To the best of our knowledge, studies using
the Dose model on combinations of more than three cancer drugs have not been published. There
is thus no guarantee that those formulas are valid for 'very’ high order combinations of anti-cancer
drugs. Indeed, the contexts in which anti-cancer drugs are used are way more complicated than the
ones in which antibiotics are used. As a consequence, it is possible that those simple formulas are
not able to capture all this complexity.
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Making this hypothesis allows the use of all the formulas and models presented in SECTION [2.2.1]
Note that the Bliss model does not need this assumption to be valid. Indeed it does not consider
pairwise data at all, but it considers only mono-therapy data. The assumption of the Bliss model is
that there is no interaction between the drugs.

The purpose of this work is to investigate the validity of this hypothesis by making predictions of the
responses of higher order combinations of cancer drugs based on only pairwise (and mono-therapy)
data.

3.1.2 Hypothesis 2

On the contrary, the second hypothesis states that emergent interactions are not rare at all and
contain a lot of information that is needed in order to predict responses of higher-order drug com-
binations B, This statement comes from a study made on antibioticsBU. It has to be kept in mind
because the same conclusion may not be valid for cancer drug and no corresponding study has been
made yet, to the best of our knowledge. The study was performed on 8 different antibiotics, giving
251 two-drug combinations, 1512 three-drug combinations, 5670 four-drug combinations and 13 608
five-drug combinations. The type of interactions present in the combinations between the drugs
was investigated by computing the expected response with and without considering the emergent
interactions. This analysis gave rise to the conclusion that the frequency of higher-order interactions
(meaning not pairwise interactions) increases with the number of drugs in the mixture. It means
that there exist emergent interactions and modeling them is important to accurately capture what
is happening between the different drugs of a combination.

Under such an assumption, all the models and formulas presented in SECTION [2.2.1] can not be used.
By extending this statement to cancer drugs, the only solution to predict the responses of higher
order drug combination using ComboFM, is to explicitly extend the machine learning model. It is
of course theoretically feasible but it implies dealing with a very high order tensor (the rank of the
tensor in ComboFM would not be 5 but much higher). It would lead to a very costly computation
in terms of time and resources. Furthermore, this is not the main faced obstacle if we want to
extend ComboFM. Indeed, the major problem is the lack of data regarding high-order cancer drug
combinations that would be needed to train the model. The built tensor would mostly be empty,
which would make the learning very difficult.

3.2 Conclusion

Ideally the goal is to be able to reduce the number of needed measurements in order to predict the
responses of a combination. It is the case when using the hypothesis 1 but not with hypothesis 2.
Thus the second hypothesis is to use as a second option, in the event that the first hypothesis is not
verified.

As already mentioned, this work focuses on the first hypothesis which implies the use of ComboFM
in combination with another model (the Dose model). The purpose is thus to investigate the validity
of this first hypothesis by making predictions of responses of higher order cancer drug combinations
based on only pairwise and mono-therapy data. The way we decided to combine those two models
will be explained in CHAPTER
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Chapter 4 Data

This chapter aims at explaining the data used in this work, its interpretation and the resulting
constraints. It is important to understand the data in order to use it correctly. Firstly, the interpre-
tation of the responses in the dataset is detailed. Secondly, a small statistical analysis of the dataset
used is performed.

4.1 NCI-ALMANAC
4.1.1 General overview

The National Cancer Institute (from the US National Institutes of Health) released in 2017 one of
the largest databases regarding pairs of cancer drugs, called the NCI-ALMANACHM. The dataset
includes 105 different cancer drugs, tested in 60 different cell lines. The cell lines are the so-called
NCI-60 cell lines. Each drug is first tested alone, at different doses. Then, more then 5,000 pairs of
drugs (approved by the Food and Drug Administration) are tested in the NCI-60. All together, the
ALMANAC includes more than 3 million data points.

4.1.2 Detailed description of the dataset

About the responses

In order to measure the effect of a drug, one usually measures the growth of the cells, with and
without the presence of drug(s). Based on those measurements, one can compute the percentage
of growth in presence of the drug, with respect to the growth without the presence of the drug.
There are two different computations of the percent growth available in the NCI-ALMANAC, one
considering the zero time measurement and the other one not considering it. Those two ways of
computing the response will play an important role in this work, see SECTION

The difference between both is that considering zero time measurement allows to detect lethality.
Indeed, lethality happens when the percent growth is a negative value, meaning that cells have been
killed (there are less cells at the end). The growth percentages are computed based on three mean
optical density measurements:

m 7, (zero time measurement): is the measured growth before adding any drug.

m C (control growth): is the endpoint measurement without any drug, two days after adding the
drug(s) in the test well.

m 7; (growth under test concentration): is the endpoint measurement of the reference (control)
well, two days after adding the drugs.

Then, the percent growth with time zero is computed via the following equations23l:

IfT, >1T,:
T, — T,
PercentGrowth = 100 CZ — T:
Else: (16)
T‘i - Tz

PercentGrowth = 100

z
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The percent growth without time zero is computed via the equation:

T.
PercentGrowthNOTZ = 1005 (17)
One can easily see that the PercentGrowth can be negative while the PercentGrowthNOTZ can not
be negative. The interpretation is thus different and data with zero time gives more information by
detecting lethality.

The interpretation of the different growth percentages is the following?3:

m A value equal to 100 means no growth inhibition. Indeed, in that case we would have T; = C
which means that adding a drug did not change the natural growth of the cells.

m A value greater than 100 means that the drug has a negative effect. Indeed, this means that
the targeted cell line grows more when there is no drug than when there is a drug. In that
case one has T; > C meaning that growth is larger than the one without any drug.

m A value between 0 and 100 means growth inhibition. A value of 60 for example means that T;
is equal to 60% of C. Thus, the drug inhibited the growth at 40%.

m A value of 0 means no net growth. Note that a value of 0 can only be obtained with time zero
measurements, when T; = T,,.

B A negative value means lethality. As an example, if the percent growth is equal to -40, that
means that we have T; is equal to 60 % of T,. There are thus less cells compared to the zero
time, which means lethality.

m A value of -100 means that all cells are dead.

See FIGURE |10 for an example. FIGURE [10|a) shows the two different growth percentage data points
that are available in the NCI-ALMANAC dataset and FIGURE [10|b) shows the theoretical curves of
growth percentage based on EQUATIONS and Both figures concern one pair of drugs in one
particular cell line.

The larger the percentage, the more similar the two measures are. As we are getting closer to the
threshold value (T; = T7), the difference between the percentage with and without time zero becomes
more and more important.
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Figure 10: Example of data in the NCI-ALMANAC dataset for the pair cisplatin and doxorubicin
in the A549 cell line.

Statistical analysis of the dataset

The NCI-ALMANAC is a very large dataset and this section aims at explaining its content in a
more detailed way. It is interesting to have a clear view of the data (see TABLE {4 for a summary):

m In total, the dataset contains 3 686 475 drug responses among 105 different cancer drugs, in

60 cancer cell lines. These drug responses comprise mono-therapy data and dose-responses
matrices of pair of drugs.

The different pairs of drugs (5 355 pairs in total) have been tested across the 60 cell lines,
see the distribution on FIGURE Nearly all the pairs have been tested in more than 50 cell
lines, while a third approximately has been tested in all the cell lines.

The dose-reponse matrices in the NCI-ALMANAC dataset can be of two different sizes : 5x3
or 3x3 (corresponding to the number of doses at which the drugs have been tested), depending
on the screener (organisms) who made the measurements. As shown on FIGURE the vast
majority of matrices are of size 3x3.

Concerning mono-therapy data, all of the 105 drugs are represented in each of the 60 cell lines.
The number of data points may differ from one drug to another, as it will be explained in
SECTION

# lines of data 3 686 475
# of cell lines 60
# of drugs 105
# of pairwise matrices | 311 604 (3x3: 300 091; 5x3: 11 513)
# of mono-therapy data 812 961

Table 4: Summary of the NCI-ALMANAC dataset.

Grosfils Amandine 25



4.1. NCI-ALMANAC

Chapter 4. Data

Te-oNn

29-00VN

LSZ-20VN

szn

OT-JL

alv-1

029-MS

s

SL-aNS

61-GNS

JZINS

€-NOIS

S13N-MS

8Z-13N-)S

C13AN-NS

6€6-4S

S6¢-4S

89¢-4S

€6€ 4XYd

9¢Z8-1INdYd

€-0d

8-4VOAO

S-4VOAO

-4VOAO

€-4VOAO

S34-4av/ION

CZSH-IDN

09%H-IDN

WZZEH-ION

€CZH-IDN

9CZH-IDN

-110W

891-GI-VAN

SEV-GN-VYAW

DDLV/TEZ-9N-YAW

L4DNW

WE-FWIVIN

VI

IAWI XO1

CTINX

296

TAQYOI

6¢1H

18LG SH

6-dOH

29-dOH

n

(0]

3 O =

QEmnm

583

-

€ o =

0 Q-

lam=mm

[T

o

g_l_l

1]
o ° ° ° °
8 8 8 8 8
a S a < =
sadlilew asuodsau

-950p 40 J3qWINN

(91)09-TH
ST-10H
9TT-10H
866Z-D0H
XA3
sv1-nd
§0Z 0700
W3D-4420
T-DIVD
6v5-19
NHOV
201V/6¥SY
86vv
0-98L

Cell lines

Figure 11: Number of dose-responses matrices in each cell line in the NCI-ALMANAC dataset.
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4.1.3 Subset used in ComboFM

In this work (i.e. in all the experiments presented in CHAPTER @, ComboFM is used on a subset
of the NCI-ALMANAC dataset. This part explains the difference between both datasets and the
reasons behind them.

The summary of the subset of the NCIL-ALMANAC used in ComboFM is shown in TABLE [5| and
Ficure 13l

# lines of data 4 591 714
# of cell lines 60
# of drugs 104

# of pairwise matrices | 299 973 (all 3x3)
# of mono-therapy data 1 891 957

Table 5: Summary of the subset of the NCI-ALMANAC dataset used in this work.

50-60
58.4%
0.3% 1-30
(o]
30-50 39.2%
60

Figure 13: Pie chart representing in how many cell lines the responses of each pair of drugs have
been measured, in the dataset used in ComboFM.

The main difference between the two datasets is the fact that all the 5x3 matrices present in the
NCI-ALMANAC dataset have been removed. The reason is that ComboFM considers all the dose-
responses matrices of the same size. If there are 5x 3 matrices, all the 3x3 matrices will be considered
as having missing data. This is not convenient. Furthermore, there are very few 5x3 matrices com-
pared to the number of 3x3 so ignoring them does not have a big impact on the quantity of data
used to learn the model.

Note that the matrices of interest for the experiments done in this work (see SECTION are all
3x3 matrices, which allows to ignore the 5x3 matrices. Those pairs of interest are present in 60, 52
and 43 cell lines, respectively.
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The second difference is that it looks like there is more data in the subset, especially regarding
mono-therapy data. It is in fact not the case. Let us take an example to understand this difference
in the number of lines in the two datasets.

Consider two pairs of drugs: A-B and B-C. Each drug is taken at 3 different doses: D1, Dy and Ds.
We thus have 9 data points for each dose-response matrix. Additionally, there are 3 mono-therapy
data points for each drug. The NCI-ALMANAC dataset encodes only once each mono-therapy data,
while the dataset used in ComboFM encodes the mono-therapy data as part of the dose-response
matrix (see FIGURE [15] in CHAPTER [f). For this example, the lines of mono-therapy data in the
two datasets are presented in TABLES [0] and [7] We clearly see that in the second table, the mono-
therapy data of drug A is duplicated for each matrix. This explains the big difference in the number
of lines between the two datasets. This data duplication is necessary for ComboFM to consider the
dose-response matrices separately.

Concerning the drugs, one of them has been removed from the NCI.-ALMANAC by the authors of
ComboFM. It has no impact because, once again, it does not concern the drugs nor cell lines of
interest.

Drug 1 | Concentration 1 | Drug 2 | Concentration 2
Dia

Q| Q| Q| I @ @ | ==
)
Do
o8}
e N N N N B S
e N N N R B S

Table 6: Example of mono-therapy data in the complete NCI-ALMANAC dataset.

Drug 1 | Concentration 1 | Drug 2 | Concentration 2
A Dia B 0
A Doa B 0
A Dsa B 0
B Dip A 0
B Dop A 0
B Dsp A 0
A Dia C 0
A Doa C 0
A Dsa C 0
C Dic A 0
C Dac A 0
C Dsc A 0

Table 7: Example of mono-therapy data in the subset of the NCI-ALMANAC dataset used
in ComboFM.
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4.2 Conclusion

This chapter aimed at presenting the available data to work in the context of predicting the response
of anti-cancer drugs. Furthermore, the interpretation of the data is presented and is important in
order to understand to results of the experiments that will follow. Finally, the subset of the complete
NCI-ALMANAC dataset that is used in this work has been presented.
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Chapter 5 Combining ComboFM and the Dose
model

The purpose of this work is to use ComboFM in order to predict the effect of high order combinations
of cancer drugs. By considering the hypothesis 1 (explained in SECTION [3]), one can also use the
Dose model to make such predictions. This chapter thus explains how the two models (ComboFM
and the Dose model) can be combined in order to predict the responses of higher order anti-cancer
drug combinations.

5.1 Procedure

This section will explain the followed procedure in order to combine the two models. As a reminder,
the Dose model takes as input the mono-therapy responses of each drug (at different doses) as well
as the pairwise responses of all the pairs of the drugs (at different doses too).

Combining ComboFM with the Dose model means using predictions of ComboFM as input of the
Dose model, instead of using the data from the NCI-ALMANAC dataset.

Let us illustrate this with an example. Consider that we want to predict the response of a triplet
of drugs: A, B and C. In order to predict those responses with the Dose model, we need the mono-
therapy responses of A, B and C, as well as the pairwise responses of the pairs AB, BC and AC.
This is where ComboFM is interesting. Indeed, ComboFM is able to predict pairwise responses.
We can thus use ComboFM to predict the pairwise responses AB, BC, AC that are needed in the
Dose model, instead of using the ones from the dataset. However, the pairs of drugs are considered
at different dose combinations (as explained in SECTION . This implies that we have different
responses for each pair, each one corresponding to one combination of doses. As a consequence,
we can choose to use ComboFM to predict all the pairwise data or only some of them. This de-
fines different scenarios of the use of ComboFM. The impact of this choice will be investigated in
SECTION [6.5] See TABLE [§] for a summary of the input and output of the models. Depending on
the considered scenario of ComboFM, the number of pairwise responses between the drugs of the
combinations (AB, AC, BC in the considered example) coming from the NCI-ALMANAC dataset
used in the Dose model will vary. If we predict all the pairwise responses with ComboFM, there is
no value regarding those pairwise responses coming from the NCI-ALMANAC dataset.

FIGURE represents a schematics of the combination of the two models in order to predict re-
sponses of higher order drug combinations. In this example, one diagonal of the dose-responses
matrices is predicted by ComboFM while the other entries are considered as known. The entries
that are considered as known are used as input in both models.

To sum up, here are the steps to follow in order to use the combination of ComboFM and the Dose
model :

m Define the scenario of use of ComboFM. It means that we need to choose which entries of the
dose-response matrices we want to predict (i.e. those are in the test set) and which ones we
consider as known (i.e. those are in the training set).

m Use ComboFM to predict the chosen entries.

m In the input file of the Dose model, replace the values of the NCI-ALMANAC dataset by the
ones predicted with ComboFM in the previous step.

m Use the Dose model and predict the response of the higher-order combinations of anti-cancer
drugs.
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Input Output

ComboFM | e Mono-therapy (A.B.C)
o (Pairwise responses (AR, AC, BC)) | Pairwise responses (AB, AC, BC) (depending on the scenario)

e Pairwise responses : other

Additional info

Dose model | @ \ono-therapy responses (A B.C) | Predictions of triplet ABC (any dose we want)

e (Pairwise responses (AB, AC, BC))

Dose model | o Mono-therapy (A B.C7) Predictions of triplet ABC (any dose we want)
after e Pairwise responses (AB, AC, BC)

ComboFM | e (Pairwise responses (AB, AC, BCY))

Table 8: Summary of the input and output of the different models used in this work, in the example
case where we want to predict the responses of the triplet of drugs ABC. Color representation :
orange: data from the NCI-ALMANAC dataset; blue:predictions from ComboFM.

(\[(,)11(,)—1]1()1';11)‘\' responses

Prediction

( Additional information ComboFM Dose model

(T)‘(lil\\'i\lt' responses (1-2, 2-3, 1-3)

- ™ .- . )
| Cell line of interest |[{-f--__._-- - Triplet predictions
A J

D
| Other cell lines
AN J

(()lllcl' pairwise responses

Figure 14: Schematics of the combination of ComboFM and the Dose model. This example cor-
responds to a combination of three drugs and corresponds to the scenario two of the experiments.
ComboFM predicts some entries of the matrices of interest (depending on the chosen scenario) and
the Dose model uses those predictions as input. Color representation: white = unknown; green =
known; blue = predicted.

Grosfils Amandine 31



Chapter 5. Combining ComboFM and the Dose model 5.2. Challenges

5.2 Challenges

The combination of the two models is not straightforward. There are some challenges that need to
be tackled in order to ensure the consistency between both models but also respect the hypothesis
of each model. This subsection explains those challenges and the choices that have been made to
overcome them.

5.2.1 How to assess the predictions?

As it has already been mentioned, the main challenge in this work is validation data. There is
not much experimental data concerning the responses of high order combinations of cancer drugs.
Furthermore, consistency between training and testing data must be ensured. It means that the
same cell line must be considered.

ComboFM is based on the NCI-ALMANAC dataset. The needed validation data is thus concerning
cancer drugs which are included in the NCI-ALMANAC (and more precisely, included in the sub-
set of the NCI-ALMANAC, as presented in SECTION . Furthermore, the number of cell-lines
included in the NCI-ALMANAC is also limited. All together, we need experimental data about
high order combinations of drugs included in the NCI-ALMANAC, in a cell line also included in
the NCI-ALMANAC. These requirements make the research quite complicated and the possibilities
quite limited.

The ideal case is when detailed validation data is available. Detailed data is when we have a suf-
ficient number of measured doses (each drug of the combination at a given dose)-responses (in the
form of growth percentage, as explained in SECTION . In that case, the Dose model can predict
the growth percentage for each dose. Then the predicted valued can be directly compared to the
experimental one.

It is the ideal case but also the least common one.

The Dose model has mainly been tested on antobiotics but the authors also tested the model in a
triplet of three cancer drugs, in one cell line. Those three drugs and this cell line are available in
the subset of NCIL-ALMANAC dataset used. Those drugs and this cell line will be referred to as the
drugs and cell line of interest for the rest of this work. The three drugs are: Cisplatin, Doxorubicin
(hydrochloride) and Paclitaxel (also known as Taxol) and the cell line is A549(/ATCC), being a lung
cancer cell line.

The authors of the Dose model made the measured responses of the triplets at each combination of
the doses presented in TABLE [9] available. There are 7 different doses for doxorubicin, 8 for cisplatin
and 5 for paclitaxel. This gives 280 different dose combinations of the triplets.

Note that those doses are presented in uM while the NCIL-ALMANAC dataset gives the concentra-
tions in M. As a consequence, one must be careful to correctly convert the data.

1.37e-2 | 4.10e-2 | 1.23e-1 | 3.7e-1 | 1.11 | 3.33 | 10 | 20
Doxorubicin v v v v v v v
Cisplatin v v v v v |V |/
Paclitaxel v v v v v

Table 9: Doses (in pM) of each drug in the triplet.
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However, having this data does not correspond to the ideal case explained above. Indeed, the ex-
periments were not made using the same protocol as the ones of the NCI-ALMANAC dataset. As a
consequence, it is difficult to assess the validity of the comparison between those data and the pre-
dictions. Furthermore, we do not know if the formula used to express the response is the same as the
ones used in the NCI-ALMANAC. We can however note that all the responses are bounded between
0 and 1, which can correspond to the growth percentage without time zero of the NCI-ALMANAC

(EQUATION [17).

When there is no (or not enough) validation data in order to evaluate the new model, one can use
another method. The goal of this work is to investigate whether we can combine ComboFM with
the Dose model, instead of using only the Dose model. The predictions of the new combined model
can thus be compared to the ones of the Dose model only. The predictions made by the Dose model
alone are thus used as ground truth.

This can be done even when there is no validation data at all. It does not allow to know if the
predictions are accurate but it allows to evaluate the accuracy of the new combined model, in
comparison with the Dose model alone.

5.2.2 Dose model

Data in general

The first challenge remains in the data used in the Dose model. As it has already been explained
in SECTION [4] the NCIL-ALMANAC dataset contains two ways of interpreting the response of a
drug/drug combinations: the growth percentage with time zero measurement, and the growth per-
centage without time zero measurement (EQUATIONS . The first one can be negative while
the second one can not be negative.

As it has been explained, the first step of the Dose model is the fitting of mono-therapy data with a
Hill curve. Typically, a Hill curve has the following shape: y(z) = Wl/a)b with a,b > 0. The Hill
curve is thus bounded between 0 and 1 (and as a consequence can not be negative).

The first consequence is that the data from the NCI-ALMANAC must be divided by 100.

The second and most important consequence is that one can not use the percentage with time zero
in the Dose model. Indeed, a Hill function is not able to fit negative values. Thus, using negative
values will surely give a bad fitting result. That means that, in the Dose model, we have no other
choice than using the measurement without time zero.

However, ComboFM uses measurements with time zero, since it gives more information. The pre-
dictions of ComboFM thus correspond to the growth percentage of EQUATION In order to use

the Dose model after the use of ComboFM, one has to convert data:

it ComboF Mp,cgiction > 0 :

ComboF M, cdicti
T, — ( omoo 100Predzctzon (C . Tz)) +T,
else : (18)
ComboF M, edicti
T, — ( ombo loopredzctzon Tz) LT

PredictionNOTZ = %
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Note that the values of C' and T, are available in the NCI-ALMANAC, there is one value for each
dose-response matrix of drug pairs. One will then obtain a positive value, and this value is then
compatible with the Dose model.

Mono-therapy data

Another challenge remains in the fitting of mono-therapy data with a Hill curve. In the NCI-
ALMANAC, the experiments for each 3x3 dose-response matrix can be seen as a 4x4 matrix,
including the mono-therapy responses (FIGURE . For each experiment, one thus has 3 data
points for mono-therapy response of each drug. In this work, three drugs are of interest, each of
them being in two dose-response matrices. That gives a maximum of six mono-therapy points for
each drug.

Concl

Conc2
=0

Figure 15: Representation of the dose-response matrices available in the NCI-ALMANAC. Color
description: pink = mono-therapy data; yellow = pairwise data.

However, if several dose-responses matrices have been measured inside the same study, they will
share mono-therapy data. In the end, one has six or three data points for mono-therapy data for the
drugs of interest. It is a very low number of points and this may impact the quality of the fitting. It
is important to understand that the NCI-ALMANAC dataset groups different studies and screeners
(organisms that made the measurements). Let us take an example to understand the impact of this.
Consider two pairs of drugs, A-B and A-C. Let us assume that drug A is taken at the same doses
(D14, D24, D3y) in the two dose-response matrices and that those two response-matrices have been
made in different studies. It implies that we have two different values for the mono-therapy response
of drug A, for each of the three considered doses.

This is illustrated in FIGURE by taking Cisplatin as an example. One can clearly see that the
variance of mono-therapy data for one dose is surprisingly high. As a consequence, there exists
no single curve able to fit all the points. This implies that a choice must be made regarding the
mono-therapy data points that are used. The choice made in this work is detailed in SECTION

5.3 Pairwise data

In this work, pairwise data is exclusively based on the NCI-ALMANAC dataset. For each pair of
drugs, the dataset provides the responses for 9 combinations of doses (3 different doses for each
drug). This gives a 3x3 dose-response matrix for each pair. The doses of the three drugs in the
dose-response matrices of interest are summarized in TABLE [I0] This means that we have, at most,
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Figure 16: All mono-therapy data for doxorubicin available in the NCI-ALMANAC dataset. The
data is grouped by screener.

3% 3 x 3 = 27 data points predicted by ComboFM (corresponding to the scenario in which we use
ComboFM to predict the entire dose-response matrices).

‘ Dose 1 ‘ Dose 2 ‘ Dose 3 ‘
Doxorubicin | 5e-9 5e-8 5e-7
Cisplatin 2e-7 2e-6 2e-5
Paclitaxel 3e-9 3e-8 3e-7

Table 10: Doses of the drugs in the three dose-responses matrices of interest. The doses are expressed
in M.

5.4 Conclusion

This chapter explained how we can combine the two models of interest in this work: ComboFM and
the Dose model. Even though the two models can theoretically be easily combined, this combination
rises some challenges that were explained, as well as the chosen solutions to overcome them.

Grosfils Amandine 35



Chapter 6. Experiments 6.2. Parameters setting and tuning

Chapter 6 Experiments

This chapter will present the experiments that have been made and their results. As it has been
explained in SECTION [5.2.1] the experiments are mainly done on a triplet of drugs.

This chapter is divided in different sections. The first one explains the questions the experiments are
designed to answer. Secondly, the parameters and settings that are common to all the experiments
are detailed. The validation procedure is then described. Finally, the different experiments and their
results are presented.

6.1 Goal of the experiments

The experiments have been designed in order to address the following questions:

m [s the Dose model suitable in this context? The model is based on a fitting of the data using a
Hill function. The idea is to evaluate the goodness of the Hill function in this context. Slightly
modified Hill functions will be tested and compared.

m What is the best learning set-up of data when using ComboFM (meaning which entries of the
matrices of interest should be predicted and which ones should be considered as known)? In
order to do that, different scenarios (a scenario is defined as a division of the pairwise matrices
between training and testing sets) will be tested.

m How sensitive are the models? We will simulate the impact of noisy predictions of ComboFM.
This will give an idea of the sensitivity of the Dose model to the predictions of ComboFM.

m How does the Dose model compare to other analytical formulas presented in SECTION [2.2.1f/

m What is the impact of using ComboFM in combination with the Dose model on synergy
predictions? In order to answer this question, different synergy scores will be computed and
compared. The idea is to see if small changes in the predictions of the Dose model or ComboFM
have a big impact on the synergy prediction.

m What about order combinations of drugs greater than 37 No measured responses are available
in that case. As a consequence, one can not measure the accuracy of the predictions but one
can evaluate the impact of using ComboFM before using the Dose model. This will be done
on a quadruplet and a quintuplet of drugs.

Note that for the last four parts, mainly one scenario of the second part will be considered.

6.2 Parameters setting and tuning

For all the different parts, there is a general set-up which remains constant. This general set-up is
the following:

m Cross-validation: the same cross validation (CV) has been performed in ComboFM. This is
a 5-fold CV, aiming at the optimization of two parameters: the regularization parameter and
the rank of factorization (see SECTION . The tested values for the regularization parameter
are 102,103, 10%, 10° and the tested values for the rank of factorization are 25,50, 75, 100, as it
has been made in the ComboFM paper 7. Note that a test set has been kept apart from the
cross-validation such that it is never used in the training set. The different scenarios modify
the training and test sets.
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m Final model of ComboFM: the regularization parameter and the rank of factorization of the
final model are chosen according to the results of the cross-validation. For each value of each
parameter, the mean of the Pearson coefficients (between the predicted responses and the real
ones) is computed over the 5 folds. The chosen value of parameter is the one corresponding to
the highest mean of Pearson coefficients 27

m The data used in all the experiments comes from the NCI-ALMANAC dataset. As a reminder,
a subset of the NCILALMANAC has been used, as it is explained in SECTION As
a consequence, the response of a drug is always expressed as a growth percentage and the
interpretation of this growth percentage is the one explained in SECTION

m Epochs: 100 epochs have been used in each training inside the cross-validation, while 200
epochs have been used for the final training 7.

m The learning rate of the optimizer has been set to 0.001 27,

m The order of the factorization machine has been set to 5, as the rank of the input tensor of
ComboFM. This value has been chosen according to the ComboFM paper 27

m Transition to the Dose model: once ComboFM has made its predictions, the predictions are
converted in order to have the percentage of growth without the time zero so that the values
are non-negative and expressed as percentage between 0 and 1 (as explained in SECTION [5.2)).
It has been done in each of the experiments presented.

m Mono-therapy data of the Dose model: Each mono-therapy point of a drug is often duplicated,
depending on the number of different studies in which this drug has been evaluated. In this
work, it has been decided to keep the mono-therapy data coming from the studies which made
the dose-response matrices of interest (see TABLE . Paclitaxel and doxorubicin have been
assessed in two different studies but at the same doses, it means that one has six mono-therapy
points for those drugs, at 3 different doses (since the dose-responses matrices are 3x3). On the
other hand, cisplatin has been assessed in only one study for the three dose-response matrices
of interest. We thus only have three mono-therapy data points for this drug (at three different
doses).

’ Pair ‘ Study ‘

Doxorubicin-Paclitaxel CD040CP38
Cisplatin-Paclitaxel CD086CP130B

Cisplatin-Doxorubicin | CD086CP130B

Table 11: Studies in which the dose-response matrices of interest have been assessed in the NCI-

ALMANAC dataset.

6.3 Validation procedure

As a reminder, in all the following experiments, the predictions will be made for a triplet of drugs
(Paclitaxel (also known as Taxol), Doxorubicin and Cisplatin) in one particular cell line of lung
cancer (A549). Measured responses of this triplet in 280 combinations of doses are available, as
explained in SECTION 133].

However, the followed protocol is not exactly the same as the one followed in the NCI-ALMANAC
dataset. That means that predicting those responses and then only comparing the predictions to the
measurements may be risky. Indeed, we can not be sure that those data are comparable and we thus
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expect that predictions may not fully match the measurements. In order to perform a more rigorous
validation, the predictions will also be made once using only the Dose model (and the mono-therapy
and pairwise data coming from the NCI-ALMANAC, without using ComboFM). The performance
(in terms of R? and RM SFE) of those predictions (see TABLE will be used as ground truth. Note
that those reference values will be slightly modified with the first part of the experiments.

The goal of this work is to see if we can use ComboFM in combination with the Dose model. Thus,
the interesting point is to compare the performance when we use this combination of models versus
only the Dose model. The performance in itself does not matter so much in this context.

| R* | RMSE |
| 0.4833 | 0.1638 |

Table 12: Performances of the Dose model using only data from the NCI-ALMANAC dataset (with-

out using ComboFM at all). Those results are the ones obtained with the original Hill function.
They will be improved in SECTION @

For the two last parts of experiments, the measured responses for the triplet can not be used as
validation data. In that case, the validation procedure is modified. The predictions made using
only the Dose model will be directly compared to the predictions (and not the performance of the
predictions) made by using ComboFM and the Dose model, as it has been explained in SECTION
The two sets of predictions will be compared based on the R?, the RMSE and the Spearman

and Pearson correlation coefficients.

6.4 Experiments part 1: Hill function

This first experiment aims at addressing the first question, namely ’'Is the Dose model suitable in

this context?’

As a reminder, the Hill function used in the Dose model in order to fit the mono-therapy data has
1

the following shape: y(x) = Tz It is thus upper bounded by 1, because a and b are positive.

However, the percentage without time zero can be higher than 1 (see EQUATION .

Intuitively, the growth percentage should not exceed 1 (meaning 100 %). Indeed, such a value means
that the drug has a negative effect: the growth with the drug is higher than the one without the
drug. One would thus logically consider that those values are due to noise in the measurements.
Whether it is noise or not, it does not seem optimal to fit data that is sometimes higher than 1
with a function that can not be higher than 1. There are several ways to deal with this. Different
solutions will be investigated in this part.

6.4.1 Analysis of the data

Before going into the different proposed solutions, let us take a look at which entries of the dose-
response matrices of interest are concerned by this.

In the data of interest, there is one drug (doxorubicin) having mono-therapy data points higher
than 1 (two out of the six points). Those two points correspond to the same dose, the lowest one.
The two values are 1.0209 and 1.0239. The fact that those values correspond to the lowest dose
and that the values are really close to 1 confirms the intuition that this is simply noise. Indeed,
by definition if we use a very low dose of a drug, we expect to have a response close to 1 (and a
response equal to 1 if we do not use any drug). As a reminder the response is expressed as a growth
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percentage in regards to the targeted cells. A value of 100% (or 1) means that the growth under the
presence of the drug is the same as the one without any drug.

Note also that there are 4 of the 9 points of the pair doxorubicin-paclitaxel points that are higher
than 1 (see FIGURE for a visual representation). This helps to understand the impact of the
fitted Hill function on the score. Indeed, if the two fitted functions for doxorubicin and paclitaxel
are bounded by 1, the product of them will never exceed 1 and thus the fitting of pairwise data can
not be optimal.

S
?

1.0002

1.0095 1.017

Dose Paclitaxel

1.0467

S
?

Dose Doxorubicin

Figure 17: Representation and values of the entries higher than 1 of the dose-response matrix for
the pair doxorubicin-paclitaxel.

6.4.2 How to deal with it?

This part explains the different tested solutions in order to deal with those values higher than 1.
Note that these experiments are done only using the data coming from the NCI-ALMANAC dataset,
without using the predictions of ComboFM. Considering only those data should be sufficient given
the way the Dose model is built. As a reminder, the fitting using the Hill function is only done on
mono-therapy data. Those functions are then used to fit pairwise responses by assuming that the
pairwise response is the product of the mono-therapy responses (meaning a product of the fitted Hill
functions). Since ComboFM is only used to predict pairwise responses (and not mono-therapy re-
sponses), the data on which the Hill functions will be fitted is not impacted by the use of ComboFM.

Truncating the data

Firstly, one can consider that values higher than 1 are simply noise. As a consequence, we can
consider that any value larger than 1 should actually be equal to 1 and we can thus truncate the
data.

Changing the Hill function

Another way to overcome this problem is to modify the Hill function, so that it becomes more

consistent with the data. There are different possibilities to do so and several of them have been
tested. As a reminder, the shape of the Hill function is y(z) = ﬁ with ¢ = 1. The value of ¢ can

be modified in order to change the upper bound of the curve.
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t = max(data)

The first possibility is to allow the Hill function to be higher than 1 only when it is necessary and
to the highest value only. The fitting with a Hill function has been set to:

if max(x) > 1:

t

y(x) = T(%)b

This choice of modification of the Hill function used in the Dose model can be motivated by the
"International Union of Pharmacology Committee on Receptor Nomenclature and Drug Classifica-
tion" B2 The relationship between the dose [A] of drug A and the effect E is defined as follows:

BA) A
Emax (] + [A]5g

(20)

where E,q, is the maximal effect of the drug A and [A]sg is the drug concentration for which the
effect is 50% of E,,4z. The equation can be rewritten as:

E([4]) 1
= - (21)
Eaz 1+ (%) H

this equation has the same shape has the one used in the Dose model, except the fact that EQUATION
is normalized by the maximal effect. This suggests that the Hill function used in the Dose model
makes the assumption that F,,,; = 1, which is not true when we work with the NCI-ALMANAC
dataset.

t = fixed value

Choosing the maximum value of the data may not be the best option. In order to investigate this,
several values of ¢ between 0.95 and 1.2 have been tested. In this case, t is fixed and always the
same regardless of the values of data.

The results (in terms of the R? score) of those different experiments are shown on FIGURES|18|and .
In particular, FIGURE [19] shows the fitted Hill functions for the only drug having mono-therapy data
points higher than 1 (which is doxorubicin).

The performance highly depends on the chosen value. Truncating the data does not seem to be the
best option. Intuitively, this was not expected since those values higher than 1 were supposed to
be due to some noise. However, the fact that keeping those values gives better results tells us that
there is some information on those data that is important to predict the triplet responses.

By looking at FIGURE [I8] the best Hill function for this data seems to be the one with ¢ = 1.15.
It tends to show that the classic Hill function (with ¢ = 1) is not optimal for the NCILALMANAC
dataset. Choosing t = max(data) gives a slightly better result than ¢ = 1. The difference is not
high because the maximum value is 1.0239, which is close to 1. Then, increasing the value of ¢ gives
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better results until the value is too high (for ¢ = 1.2).

Let us now take a look at FIGURE [I9] where one can see the impact of ¢ on the fitted Hill curve.
Choosing a value of ¢ lower than 1 is the worst option. Indeed, the concavity of the fitted Hill curve
for this value of t is the other way around and it is not suitable for dose-responses data.

One can clearly see that the curve corresponding to ¢ = 1.15 is not the one that best fits the data
(see the first data point where Dose = 0.005, which is quite far below the fitted curve). The curve
that best fits the data is the one with ¢ = max(Data). This observation tells us that in order to
obtain the best performance in terms of triplet prediction, we do not need to obtain the best fitting
of mono-therapy data points. This means that using a value of t = 1.15 may overfit the triplet data
points and is thus maybe not a good choice. However, we do not have enough validation data to
verify whether this overfits the data or not.

We would probably need more higher-order drug combinations data to evaluate the overall best
value of t. Furthermore, it is possible that the optimal value of ¢ also depends on the order of the
combination.

0.7 1
t = max(data)

—— Truncated data
0.6 t = fixed value

0.51

0.4 1

R2

0.31

0.2

0.11

0.0 1

0.95 1.00 1.05 1.10 1.15 1.20 1.25
t (when t = fixed value)

Figure 18: Performance of the Dose model depending on the chose Hill function/data set-up.

6.4.3 Conclusion

To conclude, this experiment highlights the fact that the current Dose model using a classic Hill
function may not be totally suitable for the NCI-ALMANAC dataset, in order to predict responses
of higher-order drug combinations. This can be surprising because of the values of data and their
interpretation (those values higher than 1 could/should only be noise).

Consequently, in the rest of experiments, the chosen value of ¢ is t = max(data) so that potential
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Figure 19: Result of the fitting of mono-therapy data for doxorubicin for different values of ¢

(EQuATION [13).

overfitting should be limited while allowing values higher than 1. As a consequence, the new reference
values for the performance of the Dose model on the triplet are presented in TABLE

| R* | RMSE |
| 0.5147 | 0.1587 |

Table 13: Performance of the Dose model using only data from the NCI-ALMANAC dataset (without
using ComboFM at all). Those results are the ones obtained with the modified Hill function (¢t =
mazx(data))

6.5 Experiments part 2: evaluation of different scenarios
6.5.1 Set up of the scenarios

This second part of experiments aims at answering the following question : what is the best learning
set-up of data when using ComboFM? There are indeed different possibilities regarding the predic-
tions made by ComboFM. In order to answer this, different predictions scenarios of ComboFM will
be tested. Let us now describe the specific set up for each scenario. The scenarios are different
in the selected entries for the test set (and thus in the training set). The goal of testing different
scenarios is to evaluate if the Dose model (and/or ComboFM) is sensitive to the number (and/or
the positions) of the predicted entries of the dose-response matrices.

As a reminder, we have three matrices of interest in this work. Those matrices are of size 3x3. In
all the tested scenarios, the three matrices will follow the same scenario (meaning the same entries
will go in the test set). At least one of the entries should be put in the test set (which gives at least
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three entries to predict in total since all the matrices follow the same scenario). At most, the entire
matrices can be predicted which gives a test set of 27 points.

There exist a lot of different possible scenarios to test, and thus choices have to be made. The tested
scenarios have been chosen according to one very important idea: it has to be realistic. The purpose
is to decrease the number of experiments a lab has to do. It is thus very important to match the
different possible conditions of a real lab. If we try to consider real-life conditions, the lab will decide
two things : how many entries of the matrices they want to measure and then which ones. It means
that it is very unlikely that a lab will randomly choose which entries of a matrix he wants to predict
(and measures the rest).

Furthermore, it has been shown that some patterns are more interesting than others4 especially
diagonals.

Once the scenarios have been selected, one has to be really careful regarding the set-up of the cross-
validation. It has to match the prediction scenario. Let us take an example (see FIGURE [20| for a
representation of this example): the chosen scenario is the prediction of one diagonal of each matrix
of interest (the same diagonal for the three matrices), based on the other entries of those matrices,
and other complete matrices. Saying that the cross-validation set-up must match the prediction
set-up means that, in each step of the cross-validation, the model has to predict only diagonals of
matrices. As a consequence, the test sets of the cross-validation are only composed of diagonals of
matrices, while the training sets are composed of the rest of the entries (complete matrices except
the diagonal) and complete matrices.

In the training set used to make the predictions, we find the rest of the matrices of interest and all
the other complete matrices.

Note that all the mono-therapy data are always in the training set (for the cross-validation and the
final model). ComboFM assumes that mono-therapy data is known.

Other . Matrices of
matrices CV Train interest

N o e
0 EEE.
0 RN

[ ] e )fre ][]

fCOYlSValidation
d

Figure 20: Example of one (5 folds) cross-validation set-up. The diagonal of the matrices of interest
are kept apart in the test set. The other entries of those matrices are put in every train sets of the
CV. For the other matrices, the diagonal is put in one validation fold of the CV (randomly chosen,
the third one for the example). The other entries are put in all the training folds except the one
chosen as test set. The entire matrices (not of interest) are also put in the final train set.

Grosfils Amandine 43



Chapter 6. Experiments 6.5. Experiments part 2: evaluation of different scenarios

The chosen scenarios are the following, corresponding to FIGURE

Scenario 1: diagonal 1 in the test set.

Scenario 2: diagonal 1 in the training set (meaning the predicted entries are all the entries
but the diagonal).

Scenario 3: diagonal 2 in the test set.
Scenario 4: diagonal 2 in the training set.

Scenario 5: four corners in the test set. That corresponds to entries "Min-Max", "Max-Max",
"Min-Min" and "Max-Min".

Scenario 6: four corners in the training set.

Scenario 7: two opposed corners in the test set, corresponding to "Min-Max" and "Max-Min"
entries.

Scenario 8: two opposed corners in the training set, corresponding to "Min-Max" and "Max-
Min" entries.

Scenario 9: other two opposed corners in the test set, corresponding to "Min-Min" and
"Max-Max" entries.

Scenario 10: other two opposed corners in the training set, corresponding to "Min-Min" and
"Max-Max" entries.

Scenario 11: the entire matrices in the test set.

Each scenario has its mirroring scenario (except the last one).

Diagonal 1

Min - Max Max - Max

Min - Min Max - Min

Figure 21: Representation of the different names of the entries of the matrices.

6.5.2 Comparison of the scenarios

The results of the 11 scenarios presented will be analyzed. Firstly, the performance of ComboFM
(as a reminder ComboFM is used only to predict pairwise responses that are then used as input of
the Dose model) will be detailed.

Then the performance of the triplet predictions of the Dose model will be detailed. Remember that
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this performance has to be compared with the performance of the Dose model only and we do not
expect better results than that (see TABLE . The goal is to identify which entries of the matrices
are important in order to correctly predict the triplet responses.

The experiments on the 11 scenarios have been done 5 times, using 5 different random seeds in
ComboFM. That allows to assess the stability of ComboFM, and its impact of the predictions made
by the Dose model.

Results of ComboFM

Cross-validation results. The results of the cross-validation performed in ComboFM are summa-
rized in TABLES [14]and [15| (see TABLES in Appendix for the detailed results). As a
reminder, the cross-validation is based on the Pearson correlation coefficients between the predicted
values and the real ones. The chosen parameter is the one having the highest mean of Pearson
coefficients among the 5 folds of the cross-validation. As each scenario has been ran with 5 different
random seeds, the tables below present the means and standard deviation of the means of Pearson
coefficients. Furthermore, the last column shows the standard deviations of those means across the
different values of the parameters. The standard deviations have been normalized by N-1, N being
the number of observations (5 for the 5 random seeds in this case, and 4 for the last columns). There
are several interesting observations to make based on those tables:

m The scenario does not seem to highly impact the values of the Pearson coefficients. As a
reminder, the set-up of the cross-validation matches the ones of the test set. ComboFM does
not seem to be highly impacted by the chosen scenario.

B The random seed does not impact much the values either.

m Concerning the rank of factorization, the chosen value is always 100 (the highest one). It is not
very surprising because intuitively the smaller the rank, the less complex (the more factorized)
the model. If there is enough data to learn a more complex model (which seems to be the
case), then there is no reason to further limit the complexity of the model than a rank set to
100 (which is already quite limited). However, the benefit of choosing a high value for this
parameter seems to be low (i.e. the difference in the Pearson coefficient values is low) and the
higher the value of the rank of factorization, the slower the learning of the model.

m The choice of the regression parameter is much more variable. The standard deviation across
the different parameter values is even smaller than the one for the rank of factorization. None
of the values really seem to stand out from the others.

Note that the means and standard deviations have been computed on the values by rounding to the
4th decimal place, which explains why we sometimes have equal values.

From these results, we conclude that several combinations of these two parameter values give very
similar performances.

Performance. FIGURES [22) and [23] show a summary of the performance of ComboFM for the 11
scenarios, in terms of R? and RMSE respectively. As a reminder, the range of values predicted
by ComboFM is between -100 to 100. It has to be kept in mind while analyzing the RMSE. The
performance were assessed only on the test set, meaning the entries of the dose-response matrices
of interest that were kept apart. The means and standard deviations across the 5 different seeds
have been computed, see FIGURES [35| and [36] in Appendix for detailed results. The scenarios have
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Scenario H

Rank = 25

Rank = 50

Rank = 75

Rank = 100

| sta |

S1

0.9446 + 2.86e-04

0.9572 + 1.00e-04

0.9623 + 1.30e-04

0.9651 + 1.51e-04

0.0091

52

0.9423 £+ 1.87e-4

0.9538 + 5.47e-5

0.9585 + 7.07e-5

0.9612 + 1.58e-4

0.0083

S3

0.9412 4 1.48e-4

0.9535 £ 1.51e-4

0.9573 + 2.28e-4

0.9692 + 1.41e-4

0.0115

S4

0.9438 £ 2.28¢-4

0.9559 + 1.09e-4

0.9608 + 1.12e-4

0.9635 + 5.47e-5

0.0087

S5

0.9493 + 2.88e-4

0.9598 + 1.48e-4

0.9640 + 3.53e-4

0.9667 £ 4.47e-5

0.0076

S6

0.9334 £+ 1.94e-4

0.9471 £ 2.07e-4

0.9529 + 2.16e-4

0.9560 + 1.30e-4

0.0100

ST

0.9511 4 2.73e-4

0.9625 + 4.47e-5

0.9672 + 1.93e-4

0.9697 + 1.30e-4

0.0082

S8

0.9389 £ 4.08e-4

0.9509 + 2.58e-4

0.9559 £ 1.34e-4

0.9587 + 1.09e-4

0.0087

S9

0.9483 + 1.18e-4

0.9577 + 1.87e-4

0.9617 + 2.58e-4

0.9641 + 1.22e-4

0.0070

510

0.9402 £ 2.33e-4

0.9530 + 2.94e-4

0.9581 £ 1.34e-4

0.9609 + 1.30e-4

0.0093

S11

0.9418 4 1.48e-4

0.9547 £+ 0.0022

0.9585 £ 2.25e-4

0.9615 £ 3.89e-4

0.0087

Table 14: Results of the cross-validation for the rank parameter. The means and standard deviations
across the different running using different seeds are presented. The standard deviations across
the different values of the parameters are also presented. The highest value for mean scenario is
highlighted in bold font.

Scenario H Reg — 102 Reg — 103 Reg = 104 Reg — 10° H Std ‘
S1 0.9561 4+ 0.0024 | 0.9571 £ 1.09e-4 | 0.9572 £ 7.0le-5 | 0.9571 £ 1.00e-4 || 5.18e-4
52 0.9537 + 8.36e-5 | 0.9537 £ 8.36e-5 | 0.9537 + 8.36e-5 | 0.9536 + 1.51e-4 5.0e-5
S3 0.9525 £ 2.23e-4 | 0.9525 £ 1.78e-4 | 0.9525 £ 1.87e-4 | 0.9525 + 2.12e-4 0
S4 0.9558 + 1.64e-4 | 0.9559 £ 1.67e-4 | 0.9559 + 1.34e-4 | 0.9557 £ 8.36e-5 || 9.57e-5
S5 0.9598 + 1.14e-4 | 0.9598 £ 1.78e-4 | 0.9598 £ 1.64e-3 | 0.9597 &+ 1.41e-4 5e-5
S6 0.9444 4+ 0.0061 | 0.9471 £ 2.30e-4 0.9501 % 0.0046 0.9587 + 0.004 0.0062
ST 0.9625 £ 1.14e-4 | 0.9625 £ 8.36e-5 | 0.9625 + 8.36e-5 | 0.9624 £ 4.47e-5 5e-5
S8 0.9510 £ 5.47e-5 | 0.9509 £ 2.58e-4 | 0.9509 + 1.30e-4 0.9509 + 1.30e-4 5e-9
S9 0.9577 £ 1.78e-4 | 0.9576 £ 1.30e-4 | 0.9576 £ 1.30e-4 0.9576 + 1.78e-4 5e-5
S10 0.9529 4+ 2.47e-4 | 0.9530 & 2.5e-4 | 0.9529 £ 3.03e-4 0.9529 £+ 1.14-e4 oe-H
S11 0.9517 £ 0.0045 | 0.9537 + 1.30e-4 | 0.9536 £ 1.34e-4 0.9535 + 1.41e-4 || 9.43e-4

Table 15: Results of the cross-validation for the regularization parameter. The means and standard
deviations across the different running using different seeds are presented. The standard deviations
across the different values of the parameters are also presented. The highest mean for each scenario
is highlighted in bold font.
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been ordered and grouped by color depending on the number of predicted entries in the matrices of
interest.

Since the scores have been computed only on the predicted values, the bars of different colors can
not really be compared to each other. It is however interesting to notice that the RM SFE varies even
between bars of the same colour. This suggests that some entries of the dose-response matrices con-
tain more information that other and/or are easier to predict (even if the total number of predicted
value is the same).

1.0

= 1 7 outof9

1 + 6 out of 9

081 =3 5 out of 9

I 4 outof9

0.6 3 3outof9

ra: I 2 outof9

0.4 [ Ooutof9
0.21
0.0

57 59 s1 s3 S5 S6 sS4 52 s8  s10 Sl
Scenarios

Figure 22: Performance of ComboFM in terms of R2, for the 11 scenarios. The mean and standard
deviation across the results corresponding to the 5 different seeds of ComboFM have been computed.
Each color of bar corresponds to a number of entries in the training set.

There is another way to evaluate the performance of ComboFM. Indeed, we can compute the R?
and RMSE on the whole dose-response matrices of interest (i.e. 39 = 27 data points, regardless
of the size of the test set. For the entries that were not predicted, the real values were considered.
F1GURES 24] and 25 show those new scores.

This second way of computing the score gives another information about the predictions. This allows
to evaluate how good are the entire matrices. On can see that the more points predicted among
the 27, the greater the RMSE and the lower the R2. This was totally expected and it seems very
logical. Indeed, if many points of the matrix are predicted, we accumulate more error due to the
predictions. In total, the entire matrix is further away from the original matrix.
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1 7 outof9
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15.0 1 [ 5outof9
;LI: I 4 out of 9
W 12.51 = 3outof 9
§ 10.0 I 2 outof 9
o< [ Ooutof9
7.5
5.0
2.5
0.0

57 s9 s1 s3 S5 S6 S4 52 s8  slo  sl1
Scenarios

Figure 23: Performance of ComboFM in terms of RMSE, for the 11 scenarios. The mean and
standard deviation across the results corresponding to the 5 different seeds of ComboFM have been
computed. Each color of bar corresponds to a number of entries in the training set.

1.0{ 1 7outof9
[ 6 outof9
0.8 @ 5 outof9
I 4 out of 9
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Figure 24: Performance of ComboFM in terms of R?, for the 11 scenarios. The mean and standard
deviation across the results corresponding to the 5 different seeds of ComboFM have been computed.
Each color of bar corresponds to a number of entries in the training set. The score is computed on
the entire dose-response matrices of interest (27 data points in total, regardless of the size of the
test set).
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20.0
1 7 outof9
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Figure 25: Performance of ComboFM in terms of RMSE, for the 11 scenarios. The mean and
standard deviation across the results corresponding to the 5 different seeds of ComboFM have been
computed. Each color of bar corresponds to a number of entries in the training set. The score is
computed on the entire dose-response matrices of interest (27 data points in total, regardless of the
size of the test set).

s3 S5 S6 S4 52 s8 s10  Sl1

Scenarios

Performance of the Dose model

Let us now look at the performance of the Dose model, in terms of RMSE and R? as well. Those
results are presented in FIGURES [26] and [27] in the same way as the performance of ComboFM was
presented.

It appears obvious that the R? is much more sensitive to the scenario and the random seed.

The RMSE is less sensitive than the R? but still more than in ComboFM alone. This suggests that
a small change in the predictions of ComboFM, even if on average the predictions are equally good,
has quite a big impact on the predictions of the Dose model.

Let us now compare the results between the different scenarios, in order to identify the most inter-
esting one(s). The scenarios will also be compared two by two, each scenario with its mirroring one
(except scenario 11).

B Scenarios 1 and 2: the first scenario gives better results than the second one. This seems
very logical because of the number of entries in the test set. In the first scenario, only 3 entries
are predicted while 6 entries are predicted in the second scenario. However, the second scenario
gives satisfying results. Indeed, the R?> and RMSE are close to the ones obtained without
using ComboFM at all.

This means that Scenario 2 could be an interesting way to decrease the number of needed
experiments.

m Scenarios 3 and 4: Scenario 3 gives better results than Scenario 4. This is easily explained
in the same way as for scenarios 1 and 2. In Scenario 3, the same number of entries is predicted
as in scenario 1. The gain in terms of the number of measurements that have to be made is
thus the same in Scenarios 3 and 1. As a consequence, Scenario 1 is more interesting because
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it gives better results.

Concerning Scenario 4, it is highly unstable, especially in terms of R?. That means that the
entries "Min-Min", "Max-Max" and the center one are tricky entries to rely on. Scenario 4
is thus a risky choice and one can not rely on it in order to predict higher order responses of
drug combinations.

m Scenarios 5 and 6: both scenarios are quite stable regarding the different random seeds.
Scenario 5 is slightly better than Scenario 6, which is once again explainable by the number
of predicted entries. Scenario 6 is more interesting in terms of the needed number of mea-
surements. This scenario seems to be a good choice in order to obtain satisfying results and
measure only 4 of the 9 entries.

m Scenarios 7 and 8: Scenario 7 is very good. It is not surprising because only 2 out of the

9 entries of the matrices are predicted. It is interesting to note that Scenario 7 is a subset
of Scenario 1. The only difference between them is the presence of the center entry of the
matrices in the training set in Scenario 7. The similarity in performance between these 2
scenarios indicates that the center entry of the matrices is not the most important one when
we want to predict the "Min-Min" and "Max-Max" entries. Therefore, Scenario 7 is not very
interesting since the goal is to decrease the number of measurements to do.
It is interesting to also compare Scenarios 2 and 8. They also differ by the presence of the center
entry in the training set. The observation is not the same as the one made when comparing
Scenarios 1 and 7. Indeed, Scenario 2 gives better results than Scenario 8. This means that
having the center entry in the training set (in addition to the "Min-Min" and "Max-Max"
entries) is important to predict the rest of the matrices. To choose between Scenarios 2 and
8, one has to decide what is more important between reducing the number of measurements
and getting the best predictions.

B Scenarios 9 and 10: Scenario 9 gives satisfying results but, as Scenario 7, it is not very
interesting because it only allows to reduce the number of needed measurements by 2.
Scenario 10 is highly unstable. In the light of the performance of Scenario 4, this was expected.
Indeed, Scenario 10 is a subset of Scenario 4. Once again, the only difference between them is
the presence of the center entry in the training set. As Scenario 4, Scenario 10 seems to be a
very risky choice.

B Scenario 11: As it was expected, this scenario is the one giving the less satisfying results.
In this scenario, the predictions rely only on other dose-response matrices of the pair of drugs
(i.e in other cell lines than the one of interest). It thus seems logical to see that this scenario
is the most difficult one.

The variance between the different seeds is quite high but it is not the worst scenario regarding
the stability, if we compare with scenario 4 for example.

Finally, FIGURES and do not tell the whole story. Indeed, since only the mean is presented,
one can not see that sometimes the Dose model does not manage to make its prediction. This means
that, for some dose combinations of the triplet, the Dose model did not manage to find the effective
dose and thus did not provide any prediction (the value is NaN as there is no default value provided
in the Dose model). However, ignoring those values and compute the scores without them may be
over/under optimistic. As a consequence, the sets of predictions in which there is a NaN value
are ignored. This implies that the means and standard deviations are computed on the predictions
among less than the 5 sets of predictions. TABLE [16] shows on how many sets of predictions the
means and standard deviations have been computed. Note that in the two cases where one set of
predictions have been ignored, only 1 of the 280 predictions was NaN.

Grosfils Amandine 50



Chapter 6. Experiments 6.5. Experiments part 2: evaluation of different scenarios

074 = R? with Almanac data
7 out of 9

0.6+ - 6 out of 9

osl - . 5 out of 9
4 out of 9

‘3:: 0.4 3 outof 9

os) 2 out of 9
0 out of 9

0.2

0.11

0.0

s7 s9 sSI S3 S5 S6 S4 S2 S8 Sl0 Sil

Scenarios

Figure 26: Performance of the Dose model (+ComboFM) in terms of R2, for the 11 scenarios. The
mean and standard deviation across the results corresponding to the 5 different seeds of ComboFM
have been computed. A missing bar means that the Dose model did not converge.
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Figure 27: Performance of the Dose model (+ComboFM) in terms of RMSE, for the 11 scenar-
ios. The mean and standard deviation across the results corresponding to the 5 different seeds of
ComboFM have been computed.
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It is nevertheless interesting to see if considering only 4 of the 5 sets of predictions has a big impact
or not. In order to do so, the mean of R? has been computed for Scenarios 5 and 11 by removing
the NaN values and considering 279 triplets predictions for this set of predictions and 280 for the 4
others (see the results in FIGURE [39|in Appendix). The difference between the two ways of comput-
ing the means is not significant and, more importantly, it does not change the comparison between
the different scenarios.

S1 | 5outof5 | S7 | 5outof b
S2 | boutof 5 || S8 | 5out of 5
S3 | boutof5 || S9 | 5out of 5
S4 | 5out of 5 || S10 | 5 out of 5
S5 | 4out of 5 || S11 | 4 out of 5
S6 | 5 out of 5

Table 16: Summary of how many times the Dose model (+ComboFM) completely converged for
each scenario.

6.5.3 Conclusion
Those experiments allow to highlight several interesting observations:

m One can, by being careful, use the predictions of ComboFM as an input to the Dose model in
order to reduce the number of required measurements.

m Even if ComboFM gives good predictions in all the tested scenarios, this is not the case for the
Dose model. This highlights the fact that the Dose model is quite sensitive to the variation of
the pairwise responses.

m All the investigated scenarios are not equivalent. Even though this was expected, it is in-
teresting to notice the importance of some entries of the dose-response matrices. Indeed, it
seems like the entries "Min-Min" and "Max-Max" are more critical than the others. As a
consequence, one has to carefully choose how one wants to combine ComboFM with the Dose
model. In addition to the number of entries we want to predict with ComboFM, it is necessary
to carefully choose which ones.

Note that there is not guarantee that those conclusions are valid for any combination of drugs of
any order. We can conclude that, in any case, the chosen scenario has an impact (some of them give
better results that others) but the best scenario may not be always the same. In order to define the
best scenario in most cases, we would need much more validation data to run the experiment.

6.6 Experiments part 3: Sensitivity of the models

In this part, the sensitivity of the Dose model will be investigated. This evaluation of the sensitivity
of the models is made on the model performance. Note that we mainly consider Scenario 11 (the
entire matrices of interest are predicted by ComboFM) in what follows.

6.6.1 Gaussian noise

This experiment is done by adding a Gaussian noise on top of the predictions of ComboFM, in order
to evaluate the impact of such variation on the predictions of the Dose model. The Gaussian noise
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is characterized by a zero mean, while several values for the standard deviation have been tested.
The different chosen standard deviations are: 1, 2, 3, 4, 5, 6, 10, 15 and 20. As a reminder, the
values predicted by ComboFM are bounded between -100 and 100. Note that, in the first instance,
the noise has been added to one of the predictions of ComboFM (as a reminder, it has been done 5
times, with 5 different random seeds), corresponding to the first random seed.

For each value of the standard deviation of the Gaussian noise, the noise has been added 50 times
on the predictions of ComboFM. As a reminder, the entire matrices of interest have been predicted
by ComboFM in Scenario 11. As a consequence, noise has been added on 27 input values of the
Dose model. The noisy predictions have then been used in the Dose model (in addition to the
mono-therapy data points that are left unchanged). In order to evaluate the impact of the noise,
the standard deviation of the performance of the Dose model (in terms of R? and RM SE) has been
computed. FIGURE [28| shows the results.

The standard deviations of the performance (both in terms of R? and RMSE) of the Dose model
due to the 5 runs of ComboFM (the 5 different random seeds) are also displayed as dashed lines.
This allows to read the results in the light of the variation of the Dose model due to the variability
of ComboFM predictions.

Firstly, one can observe that the higher the standard deviation of the Gaussian noise, the higher the
standard deviations of the scores. This was the expected result. When the input of the Dose model
is more disturbed, the output is less stable. It is interesting to notice that the standard deviation
of the performance when the standard deviation of the noise is set to 3 corresponds more or less
to the actual variation of ComboFM (see the dashed lines). It allows to evaluate the cost in terms
of performance of the Dose model due to the variation of ComboFM. This variation seems to be
reasonable, meaning that the Dose model is relatively robust to random variations of ComboFM.
Furthermore, those plots allow to quantify the margin of progression that can be made in order
to stabilize the performance. The dashed lines show the fluctuation of the performance due to a
change of the random seed in ComboFM. Therefore, one may want to optimize the other ComboFM
parameters in order to reduce this fluctuation.

Another interesting point to notice is the fact that the RM S FE score seems to be much less impacted
by the noise than the R? score. This is highlighted by FIGURE .

6.6.2 Stability of ComboFM

Based on the results of the previous experiment, the stability of ComboFM could be improved. There
are several possibilities to try to do that. In this experiment, one possibility will be investigated.
Once again, it is only done for the last scenario (number 11, corresponding to the entire matrices of
interest in the test set). The predictions have been redone by setting the number of epochs in the
training of ComboFM to 1000 (instead of 200). It has been done 5 times, for the 5 different random
seeds. Note that the cross-validation in ComboFM has not been redone in this experiment, since
the number of epochs is modified for the final training of the model. However, it could have been
interesting to see if increasing the number of epochs in the cross-validation (which is set to 100 as
a reminder) makes the results of the cross-validation more variable (in the sense that, as shown in
the second part of the experiments, all the tested values of the two parameters gave nearly the same
result).

F1GURE [29 shows the comparison of the performance of the Dose model while using ComboFM with
200 and 1000 epochs in the training step. The means and standard deviations across the results with
the 5 different seeds of ComboFM are presented, see FIGURES [40] and [41] in Appendix for detailed
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Figure 28: Evolution of the standard deviation of the performance of the Dose model (+ComboFM)
when Gaussian noise is added to the predictions of ComboFM. The standard deviation of the R? is
shown in yellow, while the standard deviation of the RMSFE is in red. The dashed lines represent
the standard deviations of the performance of ComboFM due to the change of the random seed of
ComboFM.

results. Firstly, we can clearly see that the number of epochs in ComboFM has a non-negligible
impact on the predictions of the Dose model. The performance of the Dose model while using 1000
epochs in ComboFM is much closer to the performances without using ComboFM. Indeed, the mean
of the R? between the 5 different seeds goes from 0.2733 to 0.42858. This means that Scenario 11
can give satisfying results, contrary to what it seemed in SECTION

Concerning the stability of the predictions, we can firstly notice that the Dose model completely
converged the 5 times when ComboFM was trained with 1000 epochs, while it converged 4 times
with 200 epochs. The standard deviation of the R? between the 5 different seeds changed from
0.0537 to 0.0546. This change is not significant, which suggests that the stability of ComboFM is
not really improved when the number of epochs is increased.

It is interesting to have a look at the predictions of ComboFM itself. Indeed, it will allow to under-
stand where this change in the performance comes from. The statistics regarding the predictions of
ComboFM are presented in TABLE[I7] The two correlation coefficients are quite high, meaning that
the two vectors of data are consistent with each other. However, the mean and standard deviation
of the difference between the vectors of predictions are not negligible, and there are significant dif-
ferences. This means that the predictions of ComboFM can be improved by increasing the number
of epochs in the training step.

The improvement of the performance of the Dose model with the increase of the number of epochs
in the training of ComboFM is quite important in this 11th scenario. However, it is important to
remember that it was the most challenging scenario for ComboFM to predict. As a consequence,
it may be the most impacted scenario by the number of epochs. In order to verify this hypothesis,
the same experiment has been made on scenario number 8. As a reminder, scenario 8 predicts 7
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(a) Comparison of the performance (in
terms of R?) of the Dose model com-
bined with ComboFM (scenario 11), de-
pending on the number of epochs used
in the training of ComboFM.
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(b) Comparison of the performance (in
terms of RM SE) of the Dose model com-
bined with ComboFM (scenario 11), de-
pending on the number of epochs used in
the training of ComboFM.

Figure 29: Comparison of the performance of the Dose (+ComboFM) model between 200 and 1000
epochs in training step of ComboFM, for Scenario 11.

H Seed#l‘Seed#Q‘Seed#S‘Seed#4‘Seed#5‘

Pearson 0.9639 0.9806 0.9912 0.9816 0.9815
Spearman 0.9786 0.9749 0.9877 0.9780 0.9700
Mean of difference 10.49 6.498 5.988 6.631 6.284
Std of difference 9.799 4.113 3.8214 3.412 4.537

Table 17: Comparison of the predictions of ComboFM (scenario 11) based on the number of epochs
in the training step: 200 epochs versus 1000 epochs.
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out of the 9 entries of the dose-response matrices, the two entries being '"Min-Max’ and "Max-Min’.
This scenario has been chosen because it is not the easiest one but it already gave satisfying re-
sults with 200 epochs. The results are presented on FIGURE (as for Scenario 11, the means and
standard deviations are presented, see FIGURES and in Appendix for the details) and TABLE .

One can see that increasing the number of epochs in the training of ComboFM also improves the
predictions of the Dose model. However, the improvement is less than the one with Scenario 11. This
observation was totally expected because the performance should not go beyond the performance
obtained without using ComboFM. As a consequence, the margin of progress of Scenario 8 is lower
than the margin of progress of Scenario 11.

Concerning the stability, there is not much change between the performance with 200 and 1000
epochs. This is the same observation as the one made concerning Scenario 11.

0.6
---- RZ with Almanacdata | | ---- RMSE with Almanac data
I R iE ----- 0.201
==
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9
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x
QE: 0.10+
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(a) Comparison of the performance (in (b) Comparison of the performance (in
terms of R?) of the Dose model com- terms of RM SE) of the Dose model com-
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Figure 30: Comparison of the performance of the Dose model (+ComboFM) between 200 and 1000
epochs in training step of ComboFM, for Scenario 8.

H Seed#l‘Seed#2‘Seed#3‘8eed#4‘8eed#5‘

Pearson 0.9845 0.9893 0.9869 0.9863 0.9889
Spearman 0.9870 0.9714 0.9844 0.9662 0.9649
Mean of difference 4.295 4.726 4.814 5.777 5.4921
Std of difference 5.588 3.354 3.666 3.5714 4.1869

Table 18: Comparison of the predictions of ComboFM (scenario 8) based on the number of epochs
in the training step: 200 epochs versus 1000 epochs.
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Based on those results, it is interesting to investigate the impact of the number of epochs a little
bit further. This has been done by doing the same experiments with 500 and 1500 epochs in the
training of ComboFM. The idea is to check if 1000 is the optimal value or if a lower value gives
already the best results. On the contrary, it is also possible that 1000 epochs is still not enough.
FIGURES [31] and [32 show the evolution of the performance (in terms of R? and RM SE) of the Dose
model in function of the number of epochs used in the training of ComboFM.

The first observation is that Scenario 11 is more impacted by the number of epochs than Scenario
8. This was expected based on the results with 200 and 1000 epochs. That highlights the fact that
more difficult scenarios need more epochs in order to give satisfying results. Scenario 8 is not really
impacted by the number of epochs while Scenario 11 improves when the number of epochs increases.

A second interesting point is the standard deviation of both R? and RMSE of Scenario 11 with
500 epochs. This standard deviation is very high, which is surprising. This very high value is quite
easily explainable. Indeed, with 200 epochs, the predictions of ComboFM made with the second
random seed did not allow the Dose model to completely converge. However, with 500 epochs the
predictions of ComboFM made with the second random seed allowed the Dose model to completely
converge but it gave very bad results: R? = 0.1681 and RMSE = 0.2078. This alone makes
the standard deviation across the 5 seeds very high. If we do not take those values into account,
the standard deviation goes from 0.113 to 0.041 for R? and from 0.0149 to 0.006 for RMSE. This
suggests that increasing the number of epochs allows to be less dependent on the chosen random seed.

This last observation is confirmed by the evolution of the standard deviation of Scenario 11. It is de-
creasing when the number of epochs increases, which means that the predictions are less dependent
on the random seed. FIGURE [33]allows to evaluate the gain in terms of standard deviation when the
number of epochs is set to 1500, for Scenario 11. As is was observed earlier, the standard deviation
of the performance coming from the change of the random seed in ComboFM when we have 200
epochs, corresponds more or less to the standard deviation of the performance when Gaussian noise
with a standard deviation equals to 3 is added to the predictions of ComboFM. If we now consider
the predictions of ComboFM when we have 1500 epochs in the training set, the standard deviation
corresponds to the one when a Gaussian noise having a standard deviation equals to 2 is added.

Note that in 29 and F1cURES B0l it seemed that the standard deviations of the R? and RM SE were
not impacted by the change of epochs. The same observation can be done based on FIGURES [31] and
if we compare the values corresponding to 200 and 1000 epochs. However, the trend is downward
if we look at the values with 200, 500, 1000 and 1500 epochs. It highlights the importance to make
several experiments in order to have a global view.

Those results show that ComboFM should be modified /optimized in order to be reliable in this con-
text. Depending on the considered scenario, one must choose carefully the parameters of ComboFM.
Indeed, it is important to keep in mind that increasing the number of epochs has a non negligible
drawback: it slows down the training step. As a consequence, one must find a good trade-off between
the speed and the performance. For Scenario 8 for example, the balance is not really in favor of the
increase of the number of epochs: it is much slower and the gain in performance is not significant.
On the contrary for Scenario 11, the gain in performance is much bigger and it is thus much more
interesting to increase the number of epochs in this scenario.
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Figure 31: Evolution of the mean and the standard deviation of the R? (Dose model) across the 5
random seeds when the number of epochs in the training step of ComboFM increases.
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Figure 32: Evolution of the mean and the standard deviation of the RMSE of the Dose model
(+ComboFM) across the 5 random seeds when the number of epochs in the training step of Com-
boFM increases.
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Figure 33: Evolution of the standard deviation of the performance of the Dose model (+ComboFM)
when Gaussian noise is added to the predictions of ComboFM. In addition, the dashed lines represent
the standard deviations of the performance of the Dose model only due to a change of the random
seed in ComboFM. These results are for Scenario 11.

6.6.3 Conclusion

Those experiments allowed to observe different points:

m The Dose model is quite sensitive to variations of the predictions of ComboFM. The standard
deviation in R? becomes quickly quite high. Keeping in mind that R? is bounded between -1
and 1, and predictions of ComboFM are bounded between -100 and 100, one can evaluate the
acceptable variability of the predictions of ComboFM.

m The variability of the Dose model due to small changes in the predictions of ComboFM is not
very convenient, especially when it has been shown that the predictions of ComboFM are not
very stable (SECTION . As a consequence, one has to stabilize ComboFM in order to
make the predictions of the combined model (ComboFM and the Dose model) reliable.

® The number of epochs used in the training of ComboFM has its importance, even if the
predictions of ComboFM itself are already good with 200 epochs. However, the importance of
this parameter depends on the considered scenario.

6.7 Experiments part 4 : Synergy scores

As it has already been mentioned, the final goal of making predictions of responses of drug combi-
nations is to identify synergistic (and thus highly interesting) combinations. This fourth part of the
experiments aims at answering the following question: What is the impact of using ComboFM in
combination with the Dose model on synergy predictions? Different synergy scores (as explained in
SECTION will be computed and compared. This will be done on the predictions using only the
NCI-ALMANAC dataset and on the predictions using ComboFM. Note that the ComboScore has
been designed for the data of the NCI-ALMANAC dataset. Indeed, the formula of the ComboScore
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takes into account negative values but the Dose model predicts only positive values. If we only have
positive values, the ComboScore is equivalent to the sum of the Bliss scores.

It is interesting to evaluate the robustness of the dose-response predictions regarding the synergy
predictions. If a relatively high change in the dose-response prediction does not induce a change in
the synergy prediction, making an error on the dose-response prediction is not actually very critical.

Note that in view of the formulas to compute the different synergy scores, one can only make this
experiment on the doses available in the NCI-ALMANAC dataset. The process is thus different
from the one when using the Dose model. As a reminder, all the score formulas required to have
the corresponding dose-responses of each pair in the combination. Let us illustrate this as follows:
let us consider a triplet A-B-C for which we have the measured responses at the dose D4 for drug
A, Dp for drug B and D¢ for drug C. The score formulas presented require to have the pairwise
responses at the corresponding doses, meaning (DaDpg), (DpD¢) and (DaD¢).

This is challenging because the doses at which we have the measured responses of the triplet do
not correspond to the doses at which we have the pairwise responses. As a consequence, the syn-
ergy scores of the triplet have been computed on all the combinations of the available in the NCI-
ALMANAC doses of the three drugs. Those doses thus correspond to the ones of the three pairs of
interest (see TABLE (10| for a reminder). This gives 3 % 3 x 3 = 27 data points for the triplet.

Another challenge raised by the use of those other formulas is the mono-therapy data. As it has
been explained in the general set-up of the experiments (see SECTION |§| for a reminder), there are
several mono-therapy responses for the same dose of a drug in the NCI-ALMANAC dataset. In the
Dose model, this is not a real problem since those mono-therapy data points are not used as such.
They are 'only’ used to fit a Hill function. As a consequence, using several points of response for a
single dose is not a real problem and we let the Dose model fit those points at best (see FIGURE
for an example).

However, this is not valid for the use of the other formulas. Indeed, the mono-therapy data points
appear explicitly in the formulas. It is thus not possible to have more than one point. The chosen
solution is to take the mean of those different mono-therapy data points, when it is needed.

The synergy scores will be compared at two levels: the pairwise combinations and the triplets. It is
interesting to see if those predictions are consistent. For example, it would be really surprising to
obtain a synergistic triplets of drugs while the three pairs of drugs are antagonistic. Furthermore,
the impact of using ComboFM previously to the Dose model will also be investigated, as well as the
impact of noise.

Note that the formulas of synergy scores require data to be bounded between 0 and 1. Thus the
percentage without time zero has been used and the data has been truncated by 1. It means that
each time a value was higher than 1, it has been replaced by 1.

6.7.1 Synergy prediction without using ComboFM

In this first part of the experiment, only data from the NCI-ALMANAC dataset will be considered
(meaning ComboFM will not be used to predict pairwise responses). For each combination of doses,
there is one synergy score. Here, a summary of the results is presented, see FIGURES [44] and
TABLE [32] in Appendix for the details. HSA and Bliss scores are compared in TABLE [I9} The table
presents, for each dose-response matrix of interest (there are three of them in total) and for the
triplet, the number of entries that are predicted as synergistic (meaning that the entry has a score
higher than 0). The goal here is not to obtain high scores but to compare the two synergy scores
and, more importantly, to assess the impact of using ComboFM on those synergy scores.
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Figure 34: Example of the fitted Hill function in the Dose model where there are several responses
for a given dose.

One can observe that the two scores generally agree concerning the pairs of drugs but disagree
regarding the triplet. However, no conclusion can be drawn based only on the number of predicted
synergistic entries. Indeed, if we have a look at the mean score, they are both negative and not so
far from each other. This means that when the synergy score is higher than 0 (and thus the entry
is considered as synergistic), the score is very low and so the entry is just barely synergistic. This
highlights the importance to take a margin on those scores to predict synergism (i.e. we consider
an entry to be synergistic only if the score is higher than 0.1 for example). Based on that, the two
scores are not really in total disagreement.

6.7.2 Synergy prediction using ComboFM

As it has been explained, the purpose is to evaluate the impact of using ComboFM on synergy
predictions. The exact same experiment has thus been made but using the predictions of ComboFM.
Once again, only Scenario 11 has been considered here. Particularly, the predictions made using
the first random seed have been considered. The summarized results are presented on TABLE [20]
(see FIGURES and TABLE [33]in Appendix for the details). There is not much difference
between TABLES [19)and 20} except for the triplet. Once again, looking only at the number of entries
that are predicted as synergistic is not enough. The mean of the scores is much more interesting.
For the Bliss score, we go from 0 to 15 synergistic entries while the mean of the score stays negative.
This suggests that, once again, the entries that are predicted as synergistic have a score barely above
0, which is not significant.

Concerning the HSA score, the mean score becomes positive but the value is quite low. This once
again suggests that the disagreement between the score with and without using ComboFM is not
very important.

Furthermore, the HSA score is always the most optimistic (i.e. the values are higher). This is quite
logical in view of the formulas (see SECTION [2.1.5).

Finally, we can have a look at the ComboScore. As a reminder, it does correspond to the sum of
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Pair Doxorubicin-Paclitaxel
Bliss HSA ComboScore
Synergy prediction || 2 out of 9 3 out of 9 11,3919
Mean score -0.154 -0.1128
Pair Doxorubicin-Cisplatin
Bliss HSA ComboScore
Syner rediction || 5 out of 9 6 out of 9
- Miinpscore 1.46e-3 0.036 00136
Pair Cisplatin-Paclitaxel
Bliss HSA ComboScore
Syner rediction || 7 out of 9 9 out of 9
. Mznpscore 0.105 0.1404 009407
Triplet
Bliss HSA ComboScore
Synergy prediction || 0 out of 27 | 15 out of 27 99341
Mean score -0.107 -0.026

Table 19: Comparison of the Bliss, HSA and ComboScore synergy scores on the NCIL-ALMANAC

dataset, for the three dose-response matrices of interest and the corresponding triplet.

the values of the Bliss score across the pairwise dose-response matrices. It is thus logical to observe
that if the mean of the Bliss score is positive, the ComboScore is also positive and vice versa. If we
firstly focus on the ComboScore computed on the NCI-ALMANAC dataset, we have an antagonist
triplet made from two barely synergistic pairs and one antagonist pair. However, the synergistic
pairs have low scores (close to 0, especially for doxorubicin-cisplatin) and thus it does not seem
inconsistent to have an antagonist triplet. However, it is a little bit more surprising concerning the
score computed by using the pairwise dose-response matrices predicted by ComboFM. Indeed, from
two more strongly synergistic pairs and one antagonist pair, we have an antagonist triplet. However
the ComboScore is a sum over the values of the matrices, the score is not bounded by 1 (as it is the
case for the Bliss and HSA scores), it is more difficult to interpret.
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Pair Doxorubicin-Paclitaxel
Bliss HSA ComboScore
dicti t of t of
Synergy prediction 0 out of 9 Jout of 9 0.6002
Mean score -0.0666 -0.0265
Pair Doxorubicin-Cisplatin
Bliss HSA ComboScore
dicti t of t of
Synergy prediction 8 out of 9 8 out of 9 0.5371
Mean score 0.0596 0.0942
Pair Cisplatin-Paclitaxel
Bliss HSA ComboScore
dicti t of t of
Synergy prediction 9 out of 9 9 out of 9 19988
Mean score 0.222 0.2577
Triplet
Bliss HSA ComboScore
dicti 1 tof 27 | 2 t of 2
Synergy prediction 3 out of 27 | 20 out of 27 0.10465
Mean score -0.0038 0.0616

Table 20: Comparison of the Bliss, HSA and ComboScore synergy scores on the predictions made
by ComboFM and the Dose model (+ComboFM), for the three dose-response matrices of interest
and the corresponding triplet.

6.7.3 Conclusion

This small experiment highlights the fact that even if the triplet predictions made using ComboFM
and the Dose model are not perfect, they still can be reliable if the final goal is to find new synergistic
combinations of drugs. However, this experiment has only been done on a single triplet of drugs and
thus no general conclusion can be drawn regarding even higher order combinations.

Note that this experiment can be done on any combination of any drugs. The only condition is that
all the dose-response matrices of all the pairs of drugs present in the combination should be available
in the dataset.

6.8 Experiments part 5: Comparison with other formulas

This part of the experiments will compare the Dose model to the other analytical formulas presented
in SECTION in order to address the following question: How does the Dose model compare to
others formulas? This experiment was only performed for Scenario 11.

Note that we face the same challenge as for the comparison of synergy scores. Indeed, all the other
formulas required the mono-therapy and pairwise responses at the dose at which the considered drug
is present in the triplet. As a consequence, the validation data is not useful in this experiment. The
computation of the responses of the triplet using other formulas is thus made on the same doses as
the previous experiment. As a reminder, all the combinations of the doses presented in TABLE
are considered. This gives 3 % 3 x 3 = 27 data points for the triplet.

Furthermore, the same solution regarding the mono-therapy data points has been adopted (the mean
has been taken when it is necessary). As for the last experiment, this can be done on any combina-
tion we want.
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TABLE [21] shows the comparison between the predictions using the Dose model and the other for-
mulas, using only the NCI-ALMANAC data (ComboFM has not been used). TABLE [22| shows the
comparison between the prediction using ComboFM combined with the Dose model, and the other
formulas. The mean of the comparisons across the 5 different predictions of ComboFM (with the 5

different random seeds) has been considered. See TABLES and [39| for the detailed
results.

Firstly, one can observe that the closest formula to the Dose model is the Bliss formula. This is
not surprising since both models are based on the same formula. The only difference remains in the
integration of effective doses in the Dose model. Having Bliss predictions close to the Dose model
predictions means that the effective doses are not very far from the real doses. Note that this does
not mean that the performance (regarding validation) of the Bliss model is as good as the one of
the Dose model. To illustrate this, let us have a look at the comparison between the Bliss model
and Dose model predictions on the doses of the triplet for which we have the validation data. This
comparison is shown in TABLES 23]and [24] This shows that even if the predictions of the Bliss model
are highly correlated to the predictions of the Dose model, the performance are very different. This
suggests that the difference made by the Dose model has a positive impact.

It is also interesting to notice that using ComboFM decreases the performance while increasing the
correlation between the Dose and Bliss predictions.

This confirms that the Dose model is more appropriate than the Bliss model.

Secondly, the regression formula seems to be the furthest from the Dose model. If we look at the
formulas (TABLE , we can see that the Regression model is the only formula containing a quotient
of responses, while the others only consider products/additions.

Let us now have a look at the impact of using ComboFM on those predictions:

® On the Pair model: using ComboFM makes the predictions of the pair model closer to the
predictions of the Dose model

B On the Iserliss formula: using ComboFM makes the predictions of the Iserliss formula further
from the predictions of the Dose model if we look at the R?, although more correlated.

B On the Regression formula: using ComboFM makes the predictions closer to the ones of the
Dose model.

H Pair model Iserliss Regression Bliss

Pearson 0.8087 0.8512 0.6892 0.9106
Spearman 0.8602 0.8321 0.6398 0.9342
RMSE 0.2191 0.1790 0.2664 0.1626
MAE 0.1391 0.1323 0.1739 0.1085
R? 0.4089 0.6025 0.1816 0.6764

Table 21: Comparison between the predictions of the other formulas and the predictions of the Dose
model. In this case, only the data from the NCI-ALMANAC dataset has been used (ComboFM has
not been used).
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H Pair model Iserliss Regression Bliss

Pearson 0.9106 0.8797 0.8491 0.9670
Spearman 0.9100 0.8750 0.8863 0.9738
RMSE 0.1628 0.1972 0.2264 0.0786
MAE 0.1136 0.1498 0.1698 0.0467
R? 0.6586 0.3960 0.3202 0.9318

Table 22: Comparison between the predictions of the other formulas and the predictions of the Dose
model (+ComboFM). In this case, the means of the different quantities across the 5 predictions of
ComboFM (the 5 different random seeds) have been considered.

Performance of the models

Dose model

Bliss model

R? 0.5147 -0.1183
RMSE 0.1587 0.2409
Comparison of the predictions
R? 0.3353
RMSE 0.2366
Spearman 0.9004
Pearson 0.8390

Table 23: Comparison of the Bliss and Dose model on the validation data. The Dose model uses

only the NCILALMANAC dataset (no use of ComboFM).

Performance of the models

Dose model

Bliss model

R? 0.2257 -0.1182
RMSE 0.2005 0.2409
Comparison of the predictions
R? 0.8913
RMSE 0.0956
Spearman 0.9574
Pearson 0.9600

Table 24: Comparison of the Bliss and Dose model. The Dose model uses the prediction of Com-
boFM, following scenario number 11.
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6.8.1 Conclusion

It is very difficult to draw any conclusion based on those small experiments. Indeed, without having
any validation data to assess the performance of the other formulas, one can not really conclude
anything. It is clear that even if the predictions are not so far from each other, this does not mean
that the performance are close. However, the Dose model seems appropriate when compared with
the Bliss model.

6.9 Experiments part 6: Increase of the order of the combination

The last two parts of experiments have been made without using measured values as validation data.
The analysis of the results have been made by comparing the predictions made using only the Dose
model (on the NCI-ALMANAC dataset) with the predictions made using ComboFM prior to the
use of the Dose model. This implies that similar experiments could be done for even higher order
combinations of drugs. This will once again be done on Scenario 11 of ComboFM (the whole dose-
response matrices are predicted). The goal is to evaluate the consistency of the Dose model when the
order of the combinations is increased. Additionally to Scenario 11, the experiments are also con-
ducted on Scenario 2. Scenario 2 has been chosen because the results of the triplet predictions using
ComboFM were very close to the results of the triplet predictions using only the NCIL-ALMANAC
data, while having 6 out 9 entries predicted by ComboFM. This means that, for a triplet, Scenario 2
is suitable to the combination of ComboFM with the Dose model. As a consequence, it is interesting
to investigate the same scenario for higher order combinations of drugs. Indeed, even if the com-
bination of ComboFM and the Dose model seems to give satisfying results for the predictions of a
triplet of drugs, one can not simply extend the affirmation to any order of cancer drug combinations.

Note that those two experiments do not allow to evaluate the validity of the Dose model for combina-
tions of order 4 and 5. One would need measured data to compare with. However, those experiments
allow to evaluate the validity of the combination of ComboFM and the Dose model compared to the
single use of the Dose model.

6.9.1 Quadruplet of drugs

For the sake of simplicity of the experiments, the same three drugs and cell line as before are consid-
ered. One drug is added to the triplet (which is Doxorubicin, Paclitaxel and Cisplatin as a reminder).
The fourth drug must be chosen such as the pairwise responses with all the already chosen three
drugs in the chosen cell line (A549) are available in the NCIL-ALMANAC dataset. There are 85
different drugs that fulfill this condition. In order to once again facilitate further experiments, two
of those drugs will be chosen such that the pairwise responses between them is also available. Doing
that allows to easily make the same experiment on a quintuplet of drugs. The last point that influ-
enced the choice of the drugs is the screener who made the measurements in the NCI-ALMANAC
dataset. In order to ensure consistency, the drugs have been chosen such as all the pairwise matrices
of interest have been measured by the same screener (in this case SRI-international named FF in
the dataset). The two arbitrarily chosen drugs are Dasatinib and Ifosfamide.

The considered quadruplet is thus: Doxorubicin, Paclitaxel, Cisplatin and Dasatinib.

In order to predict the dose-responses of this quadruplet, one thus needs the mono-therapy data
points of the four drugs, as well as the 6 dose-responses matrices (there are 6 different pairs of drugs
in a 4-order combination), one for each pair of drugs among the four drugs.

The mono-therapy data-points have been selected in the same way as for the triplets of drugs, by
considering the study in which the dose-responses matrices were evaluated. All the pairwise matrices
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of interest have not been measured in the same study.

The quadruplets of drug has been evaluated in all the combinations of doses of the pairwise dose-
response matrices. In total, we thus have 3 x 3 * 3 x 3 = 81 dose combinations and thus the same
number of predictions. In order to ensure interpretability, the experiments have been made 5 times,
using the 5 predictions of ComboFM obtained with the different random seeds.

TABLE [25| compares the predictions made on the triplets and quadruplets, by computing different
metrics comparing the predictions made with and without using the predictions of ComboFM as an
input in the Dose model. The values are the means across the results with the 5 different random
seeds of ComboFM. See TABLES [40] for the details.

The first important thing to notice is the percentage of convergence. As it has been explained, it
happens sometimes that the Dose model does not manage to predict some of the combinations of
doses. As a consequence, the metrics are computed on the predictions, meaning that if the percent-
age of convergence is not 100%, the metrics are not computed on all the dose combinations. This
can introduce a bias in the metrics.

Keeping that in mind, one can analyze the results. Firstly, the impact of going from a triplet to a
quadruplet is always bigger in Scenario 11 than in Scenario 2, excecpt for the RMSFE. This was
expected because it has been shown that Scenario 11 is more difficult than Scenario 2.

The impact of using ComboFM previously to the Dose model on the predictions in terms of corre-
lations and errors seems quite limited when we go from a triplet to a quadruplet.

That suggests that, if the Dose model is efficient for quadruplets of cancer drugs, it should be nearly
as efficient if we previously use ComboFM. One has to keep in mind that we do not know if the Dose
model is actually effective (even using only the NCI-ALMANAC dataset) for combinations of order
higher than 3, since we do not have access to any measurements.

Therefore, we have no possibility to verify this intuition. Indeed, even though the predictions are
strongly correlated, this does not imply that the performance (R? and RMSE on validation data)
will be equally good. Let us recall that strongly correlated variables could lead to large deviation in
terms of R?. For example, on the validation data despite a strong correlation between predictions
of the Dose model only and the combination ComboFM /Dose model, the R? changes from 0.5147
to 0.2952 for Scenario 11. Concerning Scenario 2, it decreases to 0.4826. This highlights the fact
that the predictions have to be very close to each other in order to give equally good results. There
is thus a risk that, for Scenario 11 at least, the predictions on the quadruplets are not reliable enough.

6.9.2 Quintuplet of drugs

The experimental set-up is the same as the one for the quadruplet, except that one more drug is
added: Ifosfamide.

As for the quadruplet, the predictions have been made on the combinations of doses of the pairwise
dose-response matrices (we have 10 pairwise dose-response matrices in case of a quintuplet). In
total, we thus have 3% 3% 3% 3 %3 = 243 dose combinations and thus the same number of predictions.
The experiments done are exactly the same as the ones for the quadruplet of drugs.

TABLE [26| compares the predictions on the triplet and on the quintuplet, in the same way as for the
quadruplet. See TABLEs [40] [41] [44] [45] for the details.

In this case, Scenario 11 seems to be less impacted by the change from triplet to quintuplet than
Scenario 2. Interestingly for Scenario 11, the predictions with and without using ComboFM are
much closer to each other in the case of the quadruplet than in the case of the quintuplet.
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H Triplet S11 ‘ Quadruplet S11 H Triplet S2 ‘ Quadruplet S2

0.9312 \ 0.9178 0.9964 \ 0.9792
Pearson Ur Ur
—1.439% —1.726%
0.9547 \ 0.9227 0.9953 \ 0.9810
Spearman U U
—3.3518% —1.436%
, 0.7635 | 0.8148 0.9834 |  0.9514
R NP r
+6.71% —3.743%
0.1537 0.1198 0.0338 0.0685
RMSE J/A L‘f
—22.05% +102.66%
Percentage of convergence 99.92 ‘ 99.75 99.18 ‘ 100

Table 25: Comparison between the predictions (mean score over five runs) of the Dose model with and
without using ComboFM. The comparisons are made on two different scenarios and for the triplet
and the quadruplets of drugs. The relative change (in %, with respect to the triplet) between triplet
and quadruplet for a scenario is given. A green (respectively, red) arrow means that predictions with
and without ComboFM are more similar for the quadruplet than the triplet (resp., for the triplet
than the quadruplet).

This suggests that the chosen scenario will also impact the performance for the predictions of re-
sponses of higher order drug combinations.

6.9.3 Conclusion

This experiment does not allow us to know whether the Dose model gives good performance of
combinations of order higher than 3 or not. Without having measured data, we can not assess our
predictions. However, the goal of this work is to see if we can use the Dose model in combination
with ComboFM (assuming thus that the Dose model is efficient). This experiment can give the
beginning of an answer to this.

Depending on the chosen scenario, the impact of using ComboFM in addition to the Dose model
is not the same. This suggests that, in order to use ComboFM with the Dose model for drug
combinations of order higher than 3, one must carefully choose its set-up. It is important to note
that the predictions of ComboFM have been made using 200 epochs in the training set. However,
it has been shown in this work that those predictions can be improved. This improvement could
decrease the impact of going from a triplet to a quadruplet or a quintuplet or even higher orders of
combinations.

6.10 Conclusion of the experiments

The different experiments allowed to understand how ComboFM can be associated with the Dose
model in order to predict the responses of higher order combinations of cancer drugs. However, those
two models can not be seen as two black boxes that can simply be connected together. The two
models must be adapted. Especially, the Dose model is not perfectly suitable for the NCI-ALMANAC
dataset (even if we consider the data without time zero measurements). Concerning ComboFM, the
pairwise predictions must be good enough in order not to induce errors in the Dose model. As a
consequence, the parameters of ComboFM must be optimized. By optimizing the two models, it
seems like all the different tested scenarios could give satisfying results. This is interesting because

Grosfils Amandine 68



Chapter 6. Experiments 6.10. Conclusion of the experiments

H Triplet S11 ‘ Quintuplet S11 H Triplet S2 | Quintuplet S2

0.9312 |  0.9261 0.9964 0.9524
Pearson Ur N
—0.5476% —4.41%

0.9547 | 0.9275 0.9953 |  0.9508
Spearman U N
—2.849% —4.47%

, 0.7635 | 0.7123 0.9834 |  0.8705
R \r \r
—6.70% —11.928%

0.1537 0.0823 0.0338 0.0924
RMSE J/A J/A
—46.45% +173.37%

Percentage of convergence 99.92 ‘ 99.18 100 ‘ 100

Table 26: Comparison between the predictions (mean score over five runs) of the Dose model with
and without using ComboFM. The comparisons are made on two different scenarios and for the
triplet and the quadruplets of drugs. The relative change (in %, , with respect to the triplet)
between triplet and quintuplet for a scenario is given. A green (respectively, red) arrow means that
predictions with and without ComboFM are more similar for the quintuplet than the triplet (resp.,
for the triplet than the quintuplet)

it means that the chosen scenario could be the one corresponding to the available data, without
needing to perform additional measurements.

Nevertheless, all those results and analyses should be read with caution, knowing that they have
been done with validation data on only one triplet of drugs. This prevents us from drawing more
general conclusions about those models and the new one that can be built from them.
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Chapter 7 Conclusion and future work

The goal of this work was to investigate the possibility to predict the responses of high order cancer
drug combinations, using ComboFM. Following the first work hypothesis stating that pairwise re-
sponses are sufficient data to rely on in order to predict responses of drug combinations of any order,
one can combine ComboFM with the Dose model. The combination of the two models is simple,
they are used in series such that the output of ComboFM (i.e. the pairwise predictions) is used as
(part of) the input of the Dose model. This allows to decrease the amount of required experimental
data and, consequently, to save time.

The main challenge in the field of predicting responses of (cancer) drugs in the lack of experimen-
tal data, in order to assess the performance of the models. This work has been built around the
NCI-ALMANAC dataset, which contains more than 3 millions responses of pair of cancer drugs,
in different cell lines, and on one additional triplet of drugs (whose pairs are present in the NCI-
ALMANAC), in one particular cell line (making a total of 280 data points). This permitted to
evaluate the performance of the triplets predictions but results should be analyzed cautiously. Let
us also note that we did not have any validation data regarding combinations of cancer drugs of
order higher than 3. In the absence of proper validation data, we can not extrapolate the promising
results in predicting triplets to higher orders of combination. However, a comparison with the Dose
model only tends to suggest that predictions of the Dose model and the combination of ComboFM
and the Dose model are relatively similar.

The conducted experiments allowed to better understand how the two models combine together and
what it is important to pay attention to. ComboFM can be used in many ways (i.e. different predic-
tion scenarios can be defined) and this choice highly impacts the performance. Each scenario allows
to reduce the number of needed experimental measurements. Indeed, if ComboFM is not used, one
needs to measure all the dose-response matrices of all the pairs in the combination. Using ComboFM
allows to only measure the responses that are part of the training set. The less entries there are
in the training set, the more complicated is the scenario. ComboFM’s predictions are thus slightly
less good and, since the Dose model is quite sensitive, the predictions on the triplet are less accurate.

Even though the different experiments allowed to understand how the two models can be combined
together and to see that it is possible to obtain satisfying predictions with this, those models were
used in series and not as a new model in itself. It would thus be necessary to make different changes
in order to have one model composed of the series of ComboFM followed by the Dose model.
Firstly, the cross-validation and parameters optimization must be adapted. Indeed, once again the
two models are separated and they must be seen as only one model. As a consequence, the opti-
mization of the parameters must be done on the final predictions. Let us review some parameters
that we observed to have an impact. Concerning ComboFM, instead of choosing the parameters
that maximizes the Pearson correlation coefficient on the pairwise predictions, one should choose
the ones maximizing the Pearson coefficient on the higher order predictions. In the light of the
experiments, other parameters should be optimized in the cross-validation. Indeed, the parameter ¢
of the Hill function of the Dose model (see EQUATION , as well as the number of epochs in the
training step of ComboFM could be optimized in order to obtain the best predictions.

In addition, the cross-validation should be made each time a new order of combinations is predicted.
Indeed, a major challenge of this work is the lack of validation data for combination of order higher
than 3. As a consequence, we do not know if the best combination of parameters would be the same
for a triplet of drugs as for a quadruplet or quintuplet for example.

Secondly and for a more practical point of view, the initial implementations of both models were not
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designed to combined them, which led to practical issues. Furthermore, it has been explained that
the predictions of ComboFM must be converted in order to be used in the Dose model. In total,
one thus have to run three different codes in order to obtain the final predictions. This is of course
not user-friendly.

Another point to remember is the data on which the models are used. The NCI-ALMANAC dataset
may be very convenient for ComboFM, it is not completely adapted to the Dose model, for several
reasons. Firstly, the NCI-ALMANAC dataset contains 3x3 dose-response matrices. This gives 9
points to the Dose model, in order to fit the surface of response. This may not be sufficient.

Secondly and more importantly, the mono-therapy data points that are available in the NCI-
ALMANAC dataset is not really suitable for the Dose model. As it has been explained, the same
measurements (regarding mono-therapy measurements) have been made several time, depending on
the studies in which the drug is involved in a pair of drugs. As a consequence, there is a duplication
and heterogeneity of mono-therapy responses. In order to overcome this, choices regarding the mono-
therapy data must be made. While making choices do not prevent the Dose model to converge, it
is not ideal in order to have an unambiguous and general model. Note also that the choices impact
the number of doses at which we have mono-therapy responses. In this work, we had 3 or 6 points
(corresponding to only 3 different doses) which may not be enough in order to correctly fit a curve.

The main goal of this work was to investigate the feasibility of predicting responses of higher order
cancer drug combinations, while using ComboFM. Once this has been done, one can look more
closely to the accuracy of those predictions (i.e. the performance of the model) to push the analysis
one step further. As it has been mentioned, an experiment suggested that increasing the number of
epochs used in the training of ComboFM could help getting better triplet predictions. However, all
the other experiments have been made using the default number of epochs, 200. It would thus be
interesting to do those experiments again but with an optimized number of epochs. However, this
could quickly become very costly in terms of running time.

It must be kept in mind that this whole work has been built around the available validation data.
With more validation data and of higher order, the experiments would have been different and would
allow to really assess the performance of this new model, combining ComboFM and the Dose model.
Future works would definitely be to obtain or measure such validation data.
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8.1 Part 2 of experiments: scenario evaluation
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Figure 35: Performance of ComboFM in terms of R2, for the 11 scenarios and the 5 different random

seeds.
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Figure 36: Performance of ComboFM in terms of RMSE, for the 11 scenarios and the 5 different

random seeds.
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Figure 37: Performance of the Dose model (+ComboFM) in terms of R?, for the 11 scenarios and the
5 different random seeds in ComboFM. A missing bar means that the Dose model did not converge.
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Figure 38: Performance of the Dose model (+ComboFM) in terms of RMSE, for the 11 scenarios
and the 5 different random seeds in ComboFM.
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Figure 39: Performance of the Dose model (+ComboFM) in term of R2. The value of the mean
across the 5 random seeds by considering all the seeds and removing the NaN values are showed in
transparency.
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Name Schema CV results ComboFM ComboFM + Dose model
P — 0.955 _
Rank =100 | ¢ carson B RMSE = 0.1569
Scenario 1 pearman = 0.9333
Reg = 10000 | pyISE — 13.0024 R% = 0.5259
P — 0.9591 _
Rank — 100 | o 0"~ RMSE = 0.1588
Scenario 2 pearman = 0.8906
Reg =100 000 | RpyISE — 11.554 R? = 0.5141
Pearson = 0.9078 _
Rank = 100 g carson B RMSE = 0.1637
Scenario 3 pearman = 0.8499
Reg = 100 000 | pysp — 15.4343 R? — 0.4838
Pearson = 0.9238 _
Rank — 100 | ¢ earson 3 RMSE = 0.1789
Scenario 4 pearman = 0.9153
Reg = 10000 | RpyisE — 137685 R? — 0.3832
Pearson = 0.9549 RMSE = /
Rank = 100 B
Scenario 5 Spearman = 0.9090 )
Reg = 100 RMSE — 12.054 R? =/
DDD P = 0.9348 _
Rank = 100 | ¢ earson = RMSE = 0.1623
Scenario 6 pearman = 0.8821
Reg = 1000 RMSE = 11515 R? — 0.486
P = 0.9200 .
Scenario 7 Rank =100 spiiifﬁin — 0.9428 RMSE = 0.1531
cenario — U.
DI | Reg=10000 | pyise — 19,9725 R? — 0.5485
P — 0.9471 .
Rank =100 | ¢ carson = | RMSE — 0.1623
Scenario 8 pearman = 0.8779
Reg = 1000 | RM\SE — 13.5068 R? = 0.4926
Pearson = 0.9665 _
Rank = 100 | ¢ carson 3 RMSE = 0.1623
Scenario 9 pearman = 0.7714
Reg = 100 RMSE — 10.9876 R2 — 0.5055
Pearson = 0.9356 _
Rank =100 | ¢ carson 3 RMSE = 0.1822
Scenario 10 pearman = 0.9103
Reg = 1000 RMSE — 13.914 R? = 0.3606
P — 0.9226 _
Rank — 1000 carson B RMSE = 0.2005
Scenario 11 Spearman = 0.9346
Reg = 10000 | pygE — 19.114 R? — 0.2257

Table 27: Detailed results of the first experiment for the first random seed and the 11 scenarios.




Name Schema CV results ComboFM ComboFM + Dose model
P —0.9415 _
Rank =100 | ¢ carson B RMSE — 0.1533
Scenario 1 pearman = 0.9333
Reg = 10000 | py\gp — 14.424 R% = 0.5470
P — 0.9531 .
Rank — 100 | ¢ carson B RMSE = 0.164
Scenario 2 pearman = 0.8885
Reg = 10000 | RpysE — 11.4839 R? — 0.482
Pearson — 0.9404 _
Rank = 100 | ¢ carson B RMSE — 0.1640
Scenario 3 pearman = 0.9667
Reg =100 000 | py\sE — 154511 R? = 0.4821
Pearson = 0.9238 _
Rank — 100 | ¢ earson = RMSE = 0.1533
Scenario 4 pearman = 0.9153
Reg = 1000 | pyiSE — 13.7685 R2 — 0.5471
Rank — 100 Pearson :70.9394 RMSE — 0.1535
Scenario 5 Spearman = 0.9510
Reg = 100001 RMSE -~ 13.59 R? = 0.5461
DDD P = 0.9478 _
Rank =100 | ¢ earson = RMSE = 0.1601
Scenario 6 pearman = 0.8964
Reg = 100 RMSE = 10.7744 R? — 0.5063
P = 0.9373 .
q - Rank — 100 gires;)fman - RMSE = 0.1528
cenario —
] Reg = 100 RMSE — 9.5036 R? — 0.5501
P — 0.9411 .
Rank =100 | ¢ carson = | RMSE — 0.1744
Scenario 8 pearman = 0.9376
Reg = 100 RMSE — 13.5285 R? — 0.4140
Pearson = 0.9797 _
Rank = 100 | ¢ earson 3 RMSE = 0.1594
Scenario 9 pearman = 0.7714
Reg = 100 RMSE — 10.334 R? = 0.5104
Pearson = 0.9454 _
Rank = 100 | ¢ earson B RMSE = 0.1594
Scenario 10 pearman = 0.9246
Reg = 100000 | pysE — 12,5516 R? = 0.5194
Pearson = 0.9479 RMSE =/
Rank = 1000 -
Scenario 11 Spearman = 0.9175 )
Reg = 10000 | pyiop — 12,5938 R® =/

Table 28: Detailed results of the first experiment for the second random seed and the 11 scenarios.




Name Schema CV results ComboFM ComboFM + Dose model
P — 0.9494 _
Rank =100 | ¢ carson B RMSE = 0.1534
Scenario 1 pearman = 0.9500
Reg =10 000 | py\igR — 13.447 R? = 0.5468
P = 0.9514 _
Rank =100 | ¢ earson = RMSE = 0.1623
Scenario 2 pearman = 0.9256
Reg = 100 RMSE — 12.8732 R? — 0.4924
Pearson = 0.9371 _
Rank = 100 carson = RMSE = 0.1646
Scenario 3 Spearman = 0.9500
Reg = 100 RMSE — 16.9276 R? = 0.4782
Pearson = (0.882 _
Rank — 100 | ¢ carson B RMSE = 0.2194
Scenario 4 pearman = 0.8679
Reg =10 000 | pysE — 17.122 R? = 0.0727
Rank — 100 Pearson :70.9632 RMSE — 0.1541
Scenario 5 Spearman = 0.9650
Reg = 100 RMSE — 10.3547 R2 — 0.5424
DDD P — 0.9421 _
Rank = 100 | ¢ Carson = - RMSE = 0.1597
Scenario 6 pearman = 0.8678
Reg = 100 RMSE — 11.1603 R? — 0.5089
P — 0.9670 _
S 07 Rank = 100 spZifﬁin — 0.9428 RMSE = 0.1526
cenario — U.
LI | Reg=10000 | Ryiop 119764 R? = 0.5512
P = 0.9459 _
Rank =100 | ¢ earson = RMSE = 0.1747
Scenario 8 pearman = 0.9090
Reg = 1000 | Ry\SE — 12.3308 R? — 0.4123
Pearson = 0.9549 _
Rank = 100 | ¢ Carsor = RMSE = 0.1598
Scenario 9 pearman = 0.7714
Reg = 1000 | pySE — 14.3724 R? — 0.5081
Pearson — 0.9234 _
Rank =100 | ¢ CArsot = RMSE = 0.1697
Scenario 10 pearman = 0.8844
Reg = 100000 | pysE — 13.7629 R? = 0.4553
P — 0.9532 _
Rank = 1000 earson = RMSE = 0.2009
Scenario 11 Spearman = 0.9285
Reg = 100 RMSE — 14.5895 R? — 0.2227

Table 29: Detailed results of the first experiment for the third random seed and the 11 scenarios.




Name Schema CV results ComboFM ComboFM -+ Dose model
P = 0.9594 _
Rank =100 | ¢ carson B RMSE — 0.1543
Scenario 1 pearman = 0.9333
Reg = 10000 | py\isE — 14.1316 R? = 0.5414
P = 0.9629 _
Rank = 100 | ¢ earson = RMSE = 0.1589
Scenario 2 pearman — 0.9318
Reg = 10000 | pysE — 12,1244 R% = 0.5133
Pearson = 0.9639 _
Rank = 100 g carson B RMSE = 0.1603
Scenario 3 pearman = 0.9500
Reg = 10000 | gysp — 11.711 R? = 0.5014
Pearson — 0.9441 _
Rank — 100 | ¢ carson B RMSE = 0.1581
Scenario 4 pearman = 0.9195
Reg = 100 RMSE — 12.1086 R? = 0.5187
P — 0.9664 _
Rank — 100 carson B RMSE = 0.1544
Scenario 5 Spearman = 0.9720
Reg = 100 RMSE — 9.9656 R2 — 0.5408
DDD P = 0.9216 _
Rank — 100 | carson = | RMSE = 0.1588
Scenario 6 pearman = 0.8571
Reg = 100 RMSE — 12.9228 R? = 0.5145
P = 0.9746 .
q - Rank — 100 ‘;?es;’fman o RMSE = 0.1532
cenario —
LT | Reg = 1000 RMSE — 7.377 R? — 0.5479
P — 0.9478 _
Rank = 100 | g earson = RMSE — 0.1742
Scenario 8 pearman = 0.9051
Reg = 10000 | pyISE — 13.9658 R? — 0.4153
Pearson — 0.9815 _
Rank =100 | o0 RMSE = 0.1598
Scenario 9 pearman = (0.8857
Reg = 100 RMSE — 10.968 R? — 0.5082
P — 0.9278 _
Rank = 100 | earson = RMSE — 0.1976
Scenario 10 pearman = 0.8948
Reg = 100 RMSE — 16.075 R2 — 0.2456
P = 0.9350 _
Rank — 1000 carson = | RMSE — 0.1833
Scenario 11 Spearman = 0.9041
Reg = 1000 | py\iSE — 14.9715 R? - 0.3531

Table 30: Detailed results of the first experiment for the fourth random seed and the 11 scenarios.




Name Schema CV results ComboFM ComboFM + Dose model
P = 0.9365 -
Rank = 100 | ¢ earson = RMSE = 0.1561
Scenario 1 pearman = 0.9333
Reg =10 000 | Rpy\iSE — 14,5752 R? = 0.5309
P = 0.9598 _
Rank — 100 | ¢ earson = RMSE = 0.1747
Scenario 2 pearman — 0.9298
Reg = 1000 RMSE — 13.081 R? — 0.4120
P son = (0.9201 o
Rank = 100 | o =00 RMSE = 0.1634
Scenario 3 pearman = 0.8166
Reg = 100 RMSE — 17.6542 R? = 0.4855
Pearson = 0.9409 _
Rank =100 | ¢ carson 3 RMSE = 0.2167
Scenario 4 pearman = 0.8968
Reg = 100 RMSE — 13.715 R2 — 0.0957
Rank — 100 SPearson :70.9713 RMSE — 0.1545
Scenario 5 pearman = 0.9230
Reg = 100 RMSE — 10.6091 R2 — 0.5399
DDD P = 0.9384 .
Rank =100 | ¢ earson = RMSE = 0.1665
Scenario 6 pearman = (0.8652
Reg = 100 RMSE — 16.4608 R? = 0.4659
Rank — 100 SPeafson = 0698238 RMSE — 0.1536
Scenario 7 pearman = 0.
DD | Reg = 1000 | Ryisk - 130158 R? — 0.5457
Rank — 100 | [Pearson = 0.9421 RMSE — 0.1743
Scenario 8 Spearman = 0.8900
Reg = 100 RMSE — 11.8518 R? = 0.4148
Rank — 100 | [Pearson = 0.9714 RMSE — 0.1592
Scenario 9 ' Spearman = 0.9428
Reg =100 000 | py\isE — 10.4970 R? = 0.5120
Rank — 100 Pearson = 0.9281 RMSE — 0.1670
Scenario 10 Spearman = 0.8831
Reg = 1000 | R)\SE — 13709 R? — 0.4626
Rank — 1000 Pearson = 0.9444 RMSE — 0.1917
Scenario 11 Spearman = 0.9279
Reg = 100 RMSE — 12.989 R2 — 0.2918

Table 31: Detailed results of the first experiment for the fifth random seed and the 11 scenarios.
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8.2 Part 3 of experiments : sensitivity of the models

8.2.1 Scenario 11

0.6
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Figure 40: Comparison of the performance (in terms of R?) of the Dose model combined with
ComboFM (Scenario 11), depending on the number of epochs used in the training of ComboFM.
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Figure 41: Comparison of the performance (in terms of RMSFE) of the Dose model combined with
ComboFM (Scenario. 11), depending on the number of epochs used in the training of ComboFM.
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8.2.2 Scenario 8
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Figure 42: Comparison of the performance (in terms of R?) of the Dose model combined with
ComboFM (Scenario 8), depending on the number of epochs used in the training of ComboFM.
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Figure 43: Comparison of the performance (in terms of RMSE) of the Dose model combined with
ComboFM (Scenario 8), depending on the number of epochs used in the training of ComboFM.
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8.3 Part 4 of experiments : synergy score

8.3.1 On validation data

4).:%!)03-0.3899 -0.46 430.4343 4»13430.0703
; 4).():;773-0.0377 -l).tu&(‘.?i-[).()BOQ -0.31 ;0.21023
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Figure 44: Details of synergy scores for the pair Doxorubicin-Paclitaxel on validation data. Each
entry of the dose-response matrix has a score. Color representation: orange=Bliss score; red=HSA
score.
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Figure 45: Details of synergy scores for the pair Doxorubicin-Cisplatin on validation data. Each
entry of the dose-response matrix has a score. Color representation: orange=Bliss score; red=HSA

score.
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Figure 46: Details of synergy scores for the pair Cisplatin-Paclitaxel on validation data. Each entry
of the dose-response matrix has a score. Color representation: orange=Bliss score; red=HSA score.
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Table 32: Details of synergy
Paclitaxel on validation data.

Bliss | HSA | Bliss | HSA
-0.0326 , -0.021 | -0.046 , 0.038
-0.0479 w -0.037 || -0.0519 w 0.038
-0.398 | -0.392 | -0.199 ! 0.039
0.018 | 0.012 | -0.0165 1 -0.01
-0.032 1 0.012 || -0.0187 1 -0.0076
-0.4023 | -0.36 || -0.1078 | 0.02
0.011 1 0.0036 | -0.0473 1 -0.0262
0.018 ' 0.0036 | -0.0515 ' -0.0260
-0.1939 | 0.0038 || -0.159 , -0.022
-0.03851 -0.02 || -0.083 ? 0.081
-0.0486 ' -0.0017 || -0.0853 ! 0.081
-0.332 | 0.0236 | -0.1375 , 0.082
_0.04421 0.015 w
-0.0564 | 0.015 |
‘ ‘
|

-0.365 1 -0.244

scores (Bliss and HSA score) for the triplet Doxorubicin-Cisplatin-
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8.3.2 On ComboFM seed # 1

-0.0811 3-0.0811 -0.184 1 -0.155 4).3:;373 0.0407
:j -0.01 |<;§-o.0146 -0 m:;ai 0.0224 4).1)le§-0.0018
z

-0.0011 3—0.0011 -0.011 30.0089 -0.0403 3 -0.0306

Doxorubicin dose

V¥

Figure 47: Details of synergy scores for the pair Doxorubicin-Paclitaxel on the predictions made
by ComboFM (first random seed). Each entry of the dose-response matrix has a score. Color
representation: orange=Bliss score; red=HSA score.

0.0899 1 0.1665

0.0218 0.184

0.180510.2228

0.011510.0265
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0.02210.022

Doxorubicin dose

L 4

Figure 48: Details of synergy scores for the pair Doxorubicin-Cisplatin on the predictions made
by ComboFM (first random seed). Each entry of the dose-response matrix has a score. Color
representation: orange=Bliss score; red=HSA score.
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Paclitaxel dose

0.4665:0.4728 | | 0.3911:0.4877 | | 0.102710.2306
0.137 0.1482 | | 0.261 10.2925 | | 0.124 0.1356
0.099510.1104 | | 0253 10.2712 | | 0.164 0.1706

¥

Cisplatin dose

Figure 49: Details of synergy scores for the pair Cisplatin-Paclitaxel on the predictions made by
ComboFM (first random seed). Each entry of the dose-response matrix has a score. Color represen-
tation: orange=Bliss score; red=HSA score.
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Bliss : HSA Bliss : HSA
-0.0321 |, -0.021 || -0.141 , -0.021
-0.0155 ? -0.0048 | 0.061 ? 0.1458
-0.0479 | -0.041 | 0.056 ' 0.1474
0.0125 | 0.018 || -0.069 | 0.1687
-0.0158 1 0.03 | -0.0066 1 -0.0002
-0.218 | -0.1836 | 0.01 | 0.0217
0.003 1 0.0177 | 0047 1 0.175
-0.002 ; 0.0189 | 0.018 ; 0.0398
0.158 , 0.039 | 0.022 | 0.0484
-0.03 ? -0.012 | -0.007 ? 0.129
-0.008 ' 0.022 0.06 ' 0.227
0.009 | 0.106 || 006 | 0.227
-0.0006 1 0.0587 1

0.00035 | 0.0723 |

0.015 1 0.235 |

Table 33: Details of synergy scores (Bliss and HSA score) for the triplet Doxorubicin-Cisplatin-
Paclitaxel on the combination of ComboFM (seed # 1) and the Dose model.
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8.4 Part 5 of experiments :

8.4.1 Without ComboFM

comparison with analytical formulas

’ Entry H Dose model | Pair model | Iserliss | Regression | Bliss
1 1.0019 0.9902 0.9937 0.9914 0.9890
2 0.9995 0.9617 0.9517 0.9505 0.9729
3 0.9583 0.3714 0.4991 0.2412 0.5720
4 0.9362 0.8806 0.8451 0.8448 0.9180
5 0.9361 0.9124 0.9306 0.9219 0.9301
6 0.9332 0.3591 0.5561 0.2429 0.5309
7 0.4454 0.3678 0.3042 0.3115 0.4343
8 0.4454 0.4956 0.6441 0.5749 0.4273
9 0.4452 0.14 0.1349 0.0781 0.2512
10 0.8497 0.7692 0.7136 0.7135 0.8293
11 0.8466 0.7471 0.7004 0.7026 0.8158
12 0.8019 0.3442 0.4394 0.2470 0.4796
13 0.8140 0.7997 0.8502 0.8308 0.7698
14 0.8137 0.8397 0.9380 0.9311 0.7572
15 0.8102 0.389 0.6318 0.34 0.4452
16 0.4102 0.3421 0.3239 0.3214 0.3642
17 0.4102 0.4672 0.6166 0.6092 0.3583
18 0.41 0.1554 0.1925 0.1147 0.2106
19 0.3046 0.2638 0.2349 0.2363 0.2945
20 0.3022 0.2618 0.2347 0.2366 0.2897
21 0.2744 0.2096 0.2679 0.2579 0.1703
22 0.3208 0.2607 0.2506 0.2487 0.2734
23 0.3205 0.2761 0.2866 0.2834 0.2689
24 0.3175 0.2253 0.3084 0.3209 0.1581
25 0.2126 0.1308 0.1386 0.1323 0.1293
26 0.2126 0.1801 0.2440 0.2549 0.1271
27 0.2123 0.1055 0.1358 0.1488 0.0748

Table 34: Details results of the triplets predictions with other analytical formulas. The predictions
have been made using only the Dose model.
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8.4.2 With ComboFM
Seed #1

’ Entry H Dose model | Pair model | Iserliss | Regression | Bliss
1 0.9995 0.9417 0.8984 0.8967 0.989
2 0.9672 0.9110 0.8566 0.8529 0.9729
3 0.6074 0.2503 0.1810 0.1096 0.5720
4 0.9305 0.8653 0.8149 0.8156 0.9180
5 0.9189 0.8320 0.7659 0.7666 0.9031
6 0.7494 0.2479 0.2588 0.1158 0.5309
7 0.4313 0.4130 0.3962 0.3928 0.4343
8 0.4300 0.3879 0.3512 0.3521 0.4279
9 0.4097 0.1365 0.2555 0.0742 0.2512
10 0.8419 0.6011 0.3707 0.4357 0.8293
11 0.8064 0.5888 0.3634 0.4249 0.8158
12 0.4594 0.1826 0.0309 0.0695 0.4796
13 0.7707 0.5639 0.3625 0.4131 0.7698
14 0.7569 0.5941 0.3466 0.3982 0.75752
15 0.5870 0.1846 0.1247 0.0766 0.4452
16 0.3032 0.2749 0.1961 0.2075 0.3642
17 0.3016 0.2614 0.17 0.1907 0.3583
18 0.2806 0.1038 0.1796 0.0512 0.2106
19 0.2948 0.1817 0.0923 0.1121 0.2945
20 0.2727 0.2056 0.1326 0.1458 0.2897
21 0.1188 0.1061 0.0692 0.0661 0.1703
22 0.2546 0.1766 0.1097 0.1141 0.2734
23 0.2461 0.1986 0.1436 0.1467 0.2689
24 0.1653 0.1111 0.1084 0.0781 0.1581
25 0.0674 0.081 0.0462 0.0507 0.1293
26 0.0668 0.0889 0.0559 0.0622 0.1271
27 0.0594 0.0588 0.0858 0.0462 0.0748

Table 35: Details results of the triplets predictions with other analytical formulas. The predictions

have been made using ComboFM (first random seed) and the Dose model.
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Seed #2

’ Entry H Dose model | Pair model | Iserliss | Regression | Bliss
1 1.0004 0.9726 0.9560 0.9564 0.9890
2 0.9840 0.9918 1.0123 1.0110 0.9729
3 0.7559 0.4643 0.4794 0.3768 0.5720
4 0.9311 0.9164 0.9150 0.9148 0.9180
5 0.9291 0.9206 0.9391 0.9345 0.9031
6 0.8947 0.4560 0.5279 0.3916 0.5309
7 0.4313 0.3882 0.3685 0.3470 0.4343
8 0.4312 0.4041 0.4124 0.3812 0.4273
9 0.4286 0.2195 0.3600 0.1918 0.2512
10 0.8428 0.7265 0.6227 0.6364 0.8293
11 0.8194 0.7598 0.7103 0.7076 0.8158
12 0.5335 0.3416 0.3147 0.2433 0.4796
13 0.7712 0.6972 0.6255 0.6315 0.7698
14 0.7679 0.7184 0.6829 0.6815 0.7572
15 0.7196 0.3417 0.3757 0.2623 0.4452
16 0.3032 0.2907 0.2449 0.2320 0.3642
17 0.3028 0.3103 0.3077 0.2687 0.3583
18 0.2980 0.1619 0.2719 0.1244 0.2106
19 0.2928 0.2169 0.1387 0.1598 0.2945
20 0.2475 0.2472 0.2097 0.2109 0.2897
21 0.0017 0.1310 0.1173 0.1007 0.1703
22 0.2547 0.2247 0.1801 0.1847 0.2734
23 0.2475 0.2523 0.2370 0.2366 0.2689
24 0.1629 0.1414 0.1586 0.1265 0.1581
25 0.0674 0.0924 0.0644 0.0661 01293
26 0.0667 0.1075 0.1040 0.0909 0.1271
27 0.0581 0.0661 0.1069 0.0584 0.0748

Table 36: Details results of the triplets predictions with other analytical formulas. The predictions
have been made using ComboFM (second random seed) and the Dose model.
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Seed #3

’ Entry H Dose model | Pair model | Iserliss | Regression | Bliss
1 0.9995 0.9429 0.8969 0.8989 0.9890
2 0.9671 0.9214 0.8734 0.8726 0.9729
3 0.6067 0.3440 0.2943 0.2069 0.5720
4 0.9305 0.8503 0.7813 0.7875 0.9180
5 0.9188 0.8265 0.7504 0.7564 0.9031
6 0.7476 0.3207 0.2873 0.1937 0.5309
7 0.4313 0.3523 0.2738 0.2859 0.4343
8 0.4300 0.3853 0.3728 0.3474 0.4273
9 0.4093 0.1592 0.2209 0.1009 0.2512
10 0.8419 0.6678 0.4992 0.5377 0.8293
11 0.8063 0.6469 0.4859 0.5129 0.8158
12 0.4588 0.2200 0.1377 0.1009 0.4796
13 0.7704 0.6141 0.4509 0.4900 0.7698
14 0.7567 0.5918 0.4304 0.4625 0.7572
15 0.5853 0.2092 0.1573 0.0983 0.4452
16 0.3031 0.2466 0.1256 0.1670 0.3642
17 0.3014 0.2673 0.2113 0.1994 0.3583
18 0.2798 0.1006 0.1414 0.0480 0.2106
19 0.2498 0.2246 0.1688 0.1712 0.2945
20 0.2727 0.2224 0.1772 0.1707 0.2897
21 0.1185 0.1368 0.1312 0.1099 0.1703
22 0.2546 0.2144 0.1734 0.1681 0.2734
23 0.2460 0.2112 0.1780 0.1658 0.2689
24 0.1646 0.1351 0.1444 0.1154 0.1581
25 0.0674 0.0811 0.0302 0.0508 0.1293
26 0.0667 0.0898 0.0666 0.0634 0.1272
27 0.0592 0.0612 0.0802 0.0500 0.0748

Table 37: Details results of the triplets predictions with other analytical formulas. The predictions

have been made using ComboFM (random seed number three) and the Dose model.
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Seed #4

’ Entry H Dose model | Pair model | Iserliss | Regression | Bliss
1 0.9999 1.0166 1.0467 1.0449 0.9890
2 0.9672 0.9878 1.0054 1.0029 0.9729
3 0.6048 0.3534 0.3214 0.2183 0.5720
4 0.9339 0.9380 0.9596 0.9584 0.9180
5 0.9215 0.9282 0.9546 0.9540 0.9031
6 0.7433 0.3386 0.3414 0.2159 0.5309
7 0.4418 0.4330 0.4317 0.4316 0.4343
8 0.4405 0.4462 0.4677 0.4660 0.4273
9 0.4183 0.1902 0.3110 0.1449 0.2512
10 0.8468 0.7113 0.5959 0.6101 0.8293
11 0.8120 0.6977 0.5850 0.5967 0.8158
12 0.4727 0.2305 0.1664 0.1108 0.4796
13 0.8021 0.6700 0.5750 0.5832 0.7698
14 0.7893 0.6692 0.5922 0.5915 0.7572
15 0.6269 0.2255 0.2089 0.1142 0.4452
16 0.3811 0.2977 0.2307 0.2434 0.3642
17 0.3795 0.3097 0.2714 0.2677 0.3583
18 0.3567 0.1223 0.2111 0.0710 0.2106
19 0.3085 0.2152 0.1558 0.1573 0.2945
20 0.2910 0.2048 0.1455 0.1447 0.2897
21 0.1600 0.1265 0.1132 0.0940 0.1703
22 0.3119 0.2264 0.2239 0.1876 0.2734
23 0.3060 0.2194 0.2228 0.1790 0.2689
24 0.2453 0.1382 0.1658 0.1208 0.1581
25 0.1304 0.0795 0.0305 0.0489 0.1293
26 0.1293 0.0802 0.0425 0.0506 0.1272
27 0.1168 0.0592 0.0831 0.0469 0.0748

Table 38: Details results of the triplets predictions with other analytical formulas. The predictions

have been made using ComboFM (random seed number four) and the Dose model.
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Seed #5

’ Entry H Dose model | Pair model | Iserliss | Regression | Bliss
1 0.9996 0.9137 0.8370 0.8441 0.9890
2 0.9700 0.9622 0.9577 0.9517 0.9729
3 0.6283 0.3359 0.2492 0.1973 0.5720
4 0.9307 0.8624 0.8069 0.8101 0.9180
5 0.9223 0.8989 0.9012 0.8948 0.9031
6 0.7928 0.3307 0.3103 0.2060 0.5309
7 0.4313 0.3687 0.3177 0.3130 0.4343
8 0.4305 0.4026 0.4149 0.3793 0.4273
9 0.4173 0.1734 0.2998 0.1198 0.2512
10 0.8421 0.6866 0.5403 0.5685 0.8293
11 0.8094 0.7400 0.6745 0.6712 0.8158
12 0.4786 0.2375 0.1381 0.1176 0.4796
13 0.7707 0.6554 0.5412 0.5580 0.7698
14 0.7607 0.6990 0.6506 0.6453 0.7572
15 0.6290 0.2364 0.2029 0.1255 0.4452
16 0.3032 0.2843 0.2145 0.2219 0.3642
17 0.3021 0.3176 0.3101 0.2815 0.3583
18 0.2878 0.1258 0.2313 0.0751 0.2106
19 0.2949 0.3300 0.3690 0.3698 0.2945
20 0.2744 0.3424 0.3947 0.4047 0.2897
21 0.1257 0.1573 0.1721 0.1453 0.1703
22 0.2548 0.3185 0.3671 0.3711 0.2734
23 0.2483 0.3271 0.3853 0.3978 0.2689
24 0.1832 0.1583 0.1923 0.1586 0.1581
25 0.0674 0.1273 0.1271 0.1253 0.1293
26 0.0673 0.1369 0.1519 0.1573 0.1272
27 0.0618 0.0776 0.1207 0.0805 0.0748

Table 39: Details results of the triplets predictions with other analytical formulas.
have been made using ComboFM (random seed number five) and the Dose model.

The predictions
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8.5 Part 6 of experiments : quadruplets and quintuplets
8.5.1 Triplet

Scenario 11

Seed #1 | Seed #2 | Seed #3 | Seed #4 | Seed #5 || Mean

Pearson 0.9170 0.9686 0.9163 0.9207 0.9336 0.9312
Spearman 0.9477 0.9699 0.9474 0.9511 0.9574 0.9457
R? 0.6887 0.8966 0.7463 0.7284 0.7575 0.7635
RMSE 0.1730 0.1091 0.1737 0.1576 0.1553 0.1537
Convergence | 279/280 | 280/280 | 280,/280 | 280/280 | 280/280 || 99.92%

Table 40: Details results for the triplet of drugs with ComboFM in Scenario 11.

Scenario 2

Seed #1 | Seed #2 | Seed #3 | Seed #4 | Seed #5 || Mean

Pearson 0.9994 0.9958 0.9968 0.9983 0.9919 || 0.9964
Spearman 0.9997 0.9929 0.9958 0.9978 0.9901 0.9953
R? 0.9986 0.9871 0.9899 0.9952 0.9714 || 0.9884
RMSE 0.0128 0.0392 0.0347 0.0240 0.0584 || 0.0338
Convergence || 280/280 | 280/280 | 280/280 | 280/280 | 280,/280 | 100%

Table 41: Details results for the triplet of drugs with ComboFM in Scenario 2.

8.5.2 Quadruplet

Scenario 11

Seed #1 | Seed #2 | Seed #3 | Seed #4 | Seed #5 Mean

Pearson 0.8938 0.9869 0.9431 0.8777 0.8873 0.9178
Spearman 0.9063 0.9849 0.9498 0.8823 0.8902 0.9227
R? 0.7788 0.9693 0.8445 0.7326 0.7490 0.8148
RMSE 0.1362 0.0540 0.1122 0.1501 0.1434 0.1192
Convergence 81/81 81/81 80/81 81/81 81/81 99.75 %

Table 42: Details results for the quadruplet of drugs with ComboFM in Scenario 11.
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Scenario 2

Seed #1 | Seed #2 | Seed #3 | Seed #4 | Seed #5 Mean

Pearson 9834 0.9697 0.9857 0.9834 0.9737 0.9702
Spearman 0.9839 979722 0.9850 0.9874 0.9765 0.9810
R? 0.9605 0.9393 0.9641 0.9466 0.9464 0.9514
RMSE 0.0613 0.0798 0.0599 0.0664 0.0749 0.0685

Convergence 81/81 81/81 80/81 81/81 81/81 99.75 %

Table 43: Details results for the quadruplet of drugs with ComboFM in Scenario 2.
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8.5.3 Quintuplet

Scenario 11

Seed #1 | Seed #2 | Seed #3 | Seed #4 | Seed #5 Mean

Pearson 0.9537 0.9006 0.8596 0.9986 0.9181 0.9261
Spearman 0.9418 0.8855 0.9023 0.9988 0.9092 0.9275
R? 0.9048 0.7992 0.7436 0.9959 0.8301 0.7123
RMSE 0.0819 0.1219 0.1439 0.0175 0.1102 0.0823

Convergence || 238/243 | 243/234 | 241/243 | 243/243 | 240/243 || 99.18%

Table 44: Details results for the quintuplet of drugs with ComboFM in Scenario 11.

Scenario 8

Seed #1 | Seed #2 | Seed #3 | Seed #4 | Seed #5 || Mean

Pearson 0.9672 0.9938 0.9356 0.9340 0.9316 0.9524
Spearman 0.9683 0.9938 0.9315 0.9292 0.9310 0.9508
R? 0.8646 0.9829 0.8409 0.8450 0.8193 0.8705
RMSE 0.1040 0.0366 0.1051 0.1042 0.1120 0.0924

Convergence || 243/243 | 243/234 | 243/243 | 243/243 | 243/243 | 100%

Table 45: Details results for the quintuplet of drugs with ComboFM in Scenario 11.
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