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Metronomic Chemotherapy

“The frequent adminstration of chemotherapy 
at relatively low, non-toxic doses without 
prolonged drug-free breaks” 

(Hanahan et al., JCI 2000) 

concept that goes back to the work of J. Folkman and R. Kerbel

METRONOMICSMETRONOMICS
==

Metronomic Chemotherapy Metronomic Chemotherapy 
+ Drug Repositioning+ Drug Repositioning



     More is Not 
Necessarily 
Better: Metronomic 
Chemotherapy,

      Eddy Pasquier and Urszula 
Ledzewicz,

      Newsletter of the Society for 
Mathematical Biology, Vol. 
26, No.2, 2013
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Cancer Treatment Protocols

How to optimize the antitumor, antiangiogenic and pro-
immune effects of therapy by modulating dose and 
administration schedule?

Eddy Pasquier, Nicholas André



Metronomic Chemotherapy

1. lower  cytotoxic effects on tumor cells

•  lower toxicity (in many cases, none)

•  lower drug resistance and even resensitization effect

2.  antiangiogenic effects  

3.  boost to the immune system



Medical Practice and 
Research

•  MTD - maximum tolerated dose strategies

Nature 2009

•  metronomic chemotherapy 

– continuous, low-dose

• chemo-switch protocols (Hanahan)

• adaptive therapy (Gatenby)



How to optimize the anti-tumour, anti-angiogenic and pro-immune 
effects of chemotherapy by modulating dose and administration 
schedule?

Different therapeutic approaches:

- MTD/Metronomic: Chemo-Switch strategies (D. Hanahan)   

J Clin Oncol 2005

Lancet Oncol 2010



How to optimize the anti-tumor, anti-angiogenic and pro-immune How to optimize the anti-tumor, anti-angiogenic and pro-immune 
effects of chemotherapy by modulating dose and administration effects of chemotherapy by modulating dose and administration 
schedule?schedule?

Different therapeutic approaches:

- “Pure” metronomic / Metronomics (R. Kerbel, D. Hanahan)

J Clin Oncol 2010

-Weekly VLB
-Daily CPA
-2x weekly MTX
-Daily CLX



Metronomic Chemotherapy: Metronomic Chemotherapy: 
Modeling ChallengesModeling Challenges



Towards Modeling Metronomic Chemotherapy

What should be modeled ?What should be modeled ?

       Minimally parameterized model

• Single-input control:  

metronomic dosing of chemotherapy

How is it administered?How is it administered?

• treatment at lower doses 

( between 10% and 50% of MTD) 

• constant ?     varying in time ?     short rest periods ? 

•  cancer cells (heterogeneous, varying sensitivities)
•  vasculature (angiogenic signaling) 
•  tumor immune interactions



A Combined Model for Low Dose Chemotherapy 

p(t) – primary tumor volume     

q(t) – carrying capacity of the tumor vasculature

r(t) – immunocompetent cell density

u(t) – concentration of a chemotherapeutic agent

effectiveness of drug,        i=1,2,3

Ledzewicz, Schättler, Amini, 
MBE, JMB to appear



Parameter values

mostly based on the papers by [Kuznetsov et al., 1994] and 
[Hahnfeldt et al., 1999] effectiveness (PD)

will vary

effectiveness (PD)



Bi-stability of Uncontrolled Model

asymptotically stable  
– “good”, benign 
equilibrium

saddle point and stability boundary 

asymptotically stable 
 – “bad”, malignant 
equilibrium
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Bifurcations in Immune Influx
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immune surveillance

for large enough    , the positive 
effects of the immune system are 
able to control the tumor
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As the parameter    increases, the unstable and malignant equilibrium 
disappear in a saddle-node bifurcation



Equilibrium Properties under Low-dose Chemotherapy

for low dose, constant chemotherapy u the three equilibria persist, but all move 
closer to the disease free state at the origin as u increases
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Equilibria for constant, low dose chemotherapy

angiogenic signaling tumor immune system interactions



At most 3 Positive Equilibrium Points

real roots

complex roots
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Bifurcations with Tumor Growth Rate
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Current and Future Work: Optimal Control Problem

“move an initial condition that lies in the malignant region 
through chemotherapy into the benign region”

minimize

over all Lebesgue measurable functions u: [0,T] → [0,umax] subject 
to the dynamics

where (A,B,-C) (A,B and C are positive) is the tangent 
vector to the unstable manifold of the saddle point, 
oriented to point from the benign into the malignant 
region. 
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Dynamics in Vector Form

Lie bracket:

drift control vector field



Candidates for Optimal Protocols

• bang-bangbang-bang controls • singularsingular controls

treatment protocols of 
maximum dose therapy 
periods with rest periods 
in between

continuous infusions of 
varying lower doses

umax

T T

MTDMTD BODBOD

Φ(t) > 0

Φ(t) < 0Φ(t) < 0 Φ(t) ≡ 0

switching function



Singular Controls
dimension = 3

can compute the singular control as a 
feedback control for the full state-space

at every point    the multiplier                  along a singular control is 
uniquely determined by the conditions

Legendre-Clebsch condition:

Singular control:



Legendre-Clebsch Condition and Singular Controls

slices for  constant value of r

Legendre-Clebsch condition

singular control

using



High Tumor Volumes



High Tumor Volumes



High Tumor Volumes

• singular control is negative  - inadmissible

• full dose is optimal in this region



Chemo-Switch Protocols



Chemo-Switch Protocols



Chemo-Switch Protocols



Chemo-Switch Protocols



Instead of Conclusions

• although some mathematical insights are available that would indicate 
the optimality of low dose chemotherapy in some cases, overall 

there still are more questions than answers

• from the medical point of view …

• from the mathematical modeling and optimization point of view

- will more complex models support the optimality of singular 
controls (low dose chemotherapy) ?

- model different effects of MTD and metronomic chemotherapy 
on tumor and immune system ?

- tumor promoting aspect of tumor immune interactions ?

-   …



Dziękuję
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