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Number of people with cancer

19.3 million

30.2 million




smaller doses mathematical model unique parameters

PERSONALIZED AND OPTIMIZED THERAPY

—> Fewer side effects.

—>» Smaller risk of drug resistance.




Mathematical model

e Dynamics of the living tumor

e Dynamics of the dead tumor

e Dynamics of the drug in the blood

e Dynamics of the drug in the tissues
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Abstract Abstract:

Authors Chemotherapy optimization based on mathematical models is a promising direction of personalized medicine.

Personalizing, thus optimizing treatments, may have multiple advantages, from fewer side effects to lower

Keywords costs. However, personalization is a complicated process in practice. We discuss a mathematical model of
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Abstract—Chemotherapy optimization based on mathematical
models is a promising direction of personalized medicine.
Personalizing, thus optimizing treatments, may have multiple
advantages, from fewer side effects to lower costs. However, per-
sonalization is a complicated process in practice. We discuss a
mathematical model of tumor growth and therapy optimization
algorithms that can be used to personalize therapies. The therapy
generation is based on the concept of keeping the drug level over a
specified value. A mixed-effect model is used for parametric iden-
tification, and the doses are calculated using a two-compartment
model for drug pharmacokinetics, and a nonlinear pharmaco-
dynamics and tumor dynamics model. We propose personalized
therapy generation algorithms for having a maximal effect and
minimal effective doses. We handle inter- and intra-patient vari-
ability for the minimal effective dose therapy. Results from mouse
experiments for the personalized therapy are discussed and the
algorithms are compared to a generic protocol based on over-
all survival. The experimental results show that the introduced
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algorithms significantly increased the overall survival of the mice,
demonstrating that by control engineering methods an efficient
modality of cancer therapy may be possible.

Index Terms—Impulsive system, min-max therapy, optimal
treatment, positive system, therapy generation, tumor model.

I. INTRODUCTION

YBER-MEDICAL systems play an important role in

modern medicine, and their importance is growing. The
application of STEM in medicine offers prosperous results
in medical practice. For example, engineering methods can
be used for brain fatigue detection [1], [2], [3], prediction
of in-hospital death of trauma [4], skeleton maturity assess-
ment [5], [6], or Parkinson’s disease diagnosis [7]. System-
theoretic methods are used in several drug dosing problems,
like control of anesthesia [8], or control of blood glucose level
with artificial pancreas [9].

System-theoretic methods can also be utilized to optimize
drug dosing in cancer therapies. The therapies used in con-
ventional chemotherapy usually have a large resting time,
ie.., a long time between the injections and large injected
doses [10]. They use the maximum tolerable dose (MTD) in
order to achieve a maximal effect without killing the patient.
Another approach is the low-dose metronomic (LDM) ther-
apy, which applies lower doses with larger frequency. In some
cases, this approach was proven more effective against cancer
cells, which often become resistant to the treatment [11], [12].
LDM therapy can also be cheaper with fewer side effects. We
aim to provide algorithms for the mathematical model-based
generation of LDM therapies.

Scheduling LDM therapy and providing the required doses
is a challenging task. A promising engineering approach is
to use a mathematical model describing the effect of the
drug on tumor growth and use this model to generate an
optimal therapy. There are numerous models in the literature
(see [10], [13], [14], [15] and several therapy generation algo-
rithms [10], [16], [17], [18]). A specific characteristic of this
physiological problem is that the input is the injection, which
is positive, and the system is impulsive. Such systems are
rare in engineering practice, and thus handling them requires
unconventional solutions [19], [20], [21]. Besides therapy gen-
eration, the usage of nanorobots in cancer treatments is also
exploited by Shi et al. [22], [23], [24], while robotic capsules
are used for site-specific drug delivery in [25].

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Animal experiments

e Genetically engineered mouse model of breast
cancer.

e Brcal, a DNA repair gene knocked out breast
epithelial cells

e p53, a regulator of cell cycle and genome

stability knocked out breast epithelial cells
breast epithelial cells.

e The resulting mammary tumors highly
resemble the Brcal-linked, triple-negative,
hereditary breast cancer in humans
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Doxorubicin Hydrochloride
Encapsulated in Aqueous Core




Chemotherapy Optimization: results

CONTROL MPC
GROUP GROUP

e 12 mice e 21 mice e 21 mice

e Longest survival: 290 days e Longest survival: 513 days ¢ 1 mouse healed

e Cummulated dose: 100% e Cummulated dose: 89.14% ¢ Cummulated dose: 68.79%
(ground truth)



Chemotherapy Optimization: control group

Box: 2, Mouse: 5, Control, Dtotal = 48 mg/kg (100%)
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Chemotherapy Optimization: control group

Box: 4, Mouse: 10, Control, Dtotal = 24 mg/kg (50%)
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Chemotherapy Optimization: PDPK

Box: 5, Mouse: 1, G2, Dtotal = 33.02 mg/kg (68.7917%)

Tumor volume
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Mathematical model
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Wearable injection device control law




Nontrivial singular point
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The Jacobian at the singular point and its characteristic
polynomial

1
p(s) = A (—a*ckow + abckow

2
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The characteristic polynomial

1
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Looking for pure imaginary eigenvalues

We look for model parameter values such that the
characteristic polynomial can be writen in the form

p(s) = (bo + bys + bas?) (s° + W) Lyapunov method
| showed it is a

with W>0. stable focus:
The system admits

s = —183.979 a supercritical

Using realistic parameter values, so = —0.108065 Hopf bifurcation
we get a two dimensional center 2 — 40.0485016i
manifold s; = —0.0485016i




Starting from the outer part of the cycle
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Starting from the inner part of the cycle
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Conclusion

Qualitative theory can be applied to understand several phenomena in
chemotherapy.

Can the same theory be applied for impulsive systems?

What is the class of functions used in the feedback such that the
qualitative properties do not depend on the function parameters?
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