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• Skipper-Schabel-Wilcox seminal papers in the 1960’s 

• Basic principle = proliferation 

• Exponential growth of the tumor cell population N(t)

Where does the MTD paradigm come from ?

Principe de base: prolifération
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Log-kill hypothesis  

a given dose kills a given fraction of the tumor cell population

Where does the MTD paradigm come from ?

• Established on leukemic 

cell lines 

• Focus: curability

dN

dt
= aN

dN

dt
= aN ≠ eC(t)N

N(t) = 2

t
T N0 = e

ln(2)t
T N0 …

®
dN
dt =

ln(2)
T N(t) = aN(t)

N(t = 0) = N0

®
dV
dt = aV log

Ä
K
V

ä

V (t = 0) = V0

Y = YT + �Á, Á ≥ N (0, 1)

� =

®
‡Y –, Y Ø Vm

‡V –
m, Y < Vm

– = 0.84, Vm = 83 mm3

8
>><

>>:

dV
dt = a0V, t Æ ·

dV
dt = a1, t > ·

V (t = 0) = V0

( dV
dt = aV “

V (t = 0) = 1 mm3

dV

dt
= aV

Å
1 ≠
Å

V

K

ã“ã

dN

dt
= aN

Å
1 ≠ N

K

ã

dV

dt
= aV ln

Å
K

V

ã

dN

dt
= aN ln

Å
K

N

ã

8
>><

>>:

dV
dt = aV ln

Ä
K
V

ä

dK
dt = bV 2/3

K(t = 0) = K0

1

“(...) it appears that high-level, short-term 
schedules offer considerably greater potential 
for obtaining “cures”. This preference does not 
necessarily hold with regard to achieving 
maximum increase in life span of animals 
which die in spite of therapy” 

Skipper, Schabel and Wilcox, Cancer Chemother Rep, 1964
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• Relative growth rate is not constant in time, it decelerates 

• Challenges the exponential model ⇒ Gompertz growth

The Norton-Simon hypothesis: tumor growth model
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Second hypothesis: effect of the therapy is proportional to the 

proliferative fraction only

The Norton-Simon hypothesis

Norton, Simon, Cancer Treat Rep, 1976

• Suggested densification of 

adjuvant chemotherapy protocols 

in breast cancer 

• Subsequently validated in phase III 

study

Citron et al., J Clin Oncol, 2003

still focuses on tumor eradication
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Tumor heterogeneity and re-sensitization

J. theor. Biol. (2003) 220, 545–554
doi:10.1006/jtbi.2003.3162, available online at http://www.idealibrary.com on
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The general utility of the maximum tolerated dose (MTD) paradigm, a strategy aimed at
optimizing the chance of total tumor cell eradication, is here questioned. Evidence to date
suggests that for many tumors the potential for eradication is in fact remote, with patients
consistently demonstrating tumor cell presence subsequent to MTD treatments having
eradicative intent. The failure to eradicate is attributed largely to the heterogeneous nature of
the tumor. Heterogeneous cell populations demonstrate short-term refractoriness to up-front
dose delivery, but ‘‘resensitize’’ as part of dose recovery, showing increased overall
susceptibility to a given series of doses when delivered more evenly spaced. It is
demonstrated: (1) that the minimization of total tumor burden, rather than complete
eradication, may often be the more practical objective; and (2) that regularly spaced,
‘‘metronomic’’ dosing is the best way to achieve it. As a corollary, it is found that the more
efficient ability of the tumor endothelial cells to resensitize following dosing predicts a
targeting bias towards the endothelial compartment of a tumor when metronomic dosing is
employed. This lends theoretical support to recent empirical studies showing that regularly
spaced dosing schedules with no extended rest periods act more antiangiogenically, thereby
delaying or avoiding the onset of acquired resistance.

r 2003 Elsevier Science Ltd. All rights reserved.

Introduction

To date, the goal of chemotherapy has been
complete tumor kill. Dosing by ‘‘front-loading’’
has thus become the mainstay of treatment,
owing largely to theoretical and laboratory
studies over the past 40 years, which demon-

strate that the probability of tumor cell extinc-
tion is optimized by up-front administration of
the maximum tolerated dose (MTD) (Skipper
et al., 1964; Skipper, 1965). With the exception
of lymphoid, germ cell, and some pediatric
cancers, however, consistent tumor eradication
has been elusive. More commonly, in spite of
dosing to MTD, impressive initial regressions or
remissions are followed by regrowth or recur-
rence. Even when patients are considered to be
in complete remission, evidence that full eradica-
tion is not being achieved comes from PCR
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Fig. 1. Heterogeneous target population. The cell population subject to treatment is in general not uniform, consisting
instead of sensitive and resistant subpopulations. This population is represented theoretically as one having two sensitivity
compartments, one of size p(t) (subpopulation 1) whose cells have a sensitivity a, and one of size q(t) (subpopulation 2)
whose cells have a sensitivity b. Through cell cycle progression and other effects, cells naturally undergo sensitivity changes,
here reflected by ‘‘movements’’ between these compartments; g1 and g2 represent the ‘‘flow’’ rates from Compartments 1 to 2
and 2 to 1, respectively. Cells in each compartment are assumed to proliferate at rates l1 and l2.

Fig. 2. Resensitization effect. A cell population composed of two or more mutually influential or interconvertible
subpopulations will display a resensitization effect when exposed to chemotherapy. (a) A hypothetical asynchronous cell
population where yellow cells are highly sensitive and blue cells are highly resistant. These two cell states will maintain a
fixed proportion (here, 30 : 6 or 5 : 1) if left undisturbed. A bolus dose of chemotherapy kills the sensitive cells [shown as dead
gray cells in b], leaving behind the resistant ones. As time progresses without dosing, the resistant cells eventually refill the
sensitive void so as to re-establish the natural 5 : 1 proportion (c). This action has the effect of resensitizing the population as
a whole. At this point, as before dosing, the number of cells entering the sensitive state has come into balance with the
number leaving. Cell proliferation is neglected here, but under fairly broad circumstances, a tumor population will be
optimally suppressed if dosing is applied in regular intervals to allow for the general phenomenon of resensitization.

doi:10.1006/jtbi.2003.3162
P. HAHNFELDT ET AL.

Fig. 3. Dose separation effect. The effect of spacing two equal bolus doses with ‘‘area-under-the-curve’’ strength d¼ 4 is
examined (units not important). The vertical axis refers to the instantaneous dose concentration for the indicated bolus
doses, or the population size in the case of the colored curves. The first dose is at time 1 and the second is at either 2 or 5. The
red curve represents the response to doses at 1 and 2, and the blue curve the response to doses at 1 and 5. The purple
segments indicate where the two curves overlap. In (a), the relevant parameters are l1¼ 0.5, l2¼ 0.1, g1¼ 0.3, g2¼ 0.1,
a¼ 1.0, b¼ 0.1. In (b), sensitivities are assumed to be equal: a¼ b¼ 0.3. A sensitivity difference underlies the advantage to
greater dose spacing (a); without it, there is no effect (b). The suppression factor R [eqn (5)] achieved in each case is the
limiting ratio H2/H1 of population sizes.

Fig. 4. Cyclic dose delivery. Doses are usually delivered in repeating cycles of width T. Here, N¼ 4 doses of strengths
d¼ 2 are delivered at times t1¼ 2, t2¼ 3, t3¼ 5, and t4¼T¼ 8, with the spacings repeated for each successive cycle. The
parameters used here are l1¼ 0.5, l2¼ 0.1, g1¼ 0.3, g2¼ 0.1, a¼ 1.0, b¼ 0.1. The measure of dose cycle effectiveness for
ongoing dosing differs from the finite dosing case (Fig. 3). Here, it is the limiting ratio of the population size H2 at the end of
a cycle to the population size H1 at the end of the previous cycle. This limiting ratio is the largest eigenvalue d1 of matrix Q
[eqn (6)].

doi:10.1006/jtbi.2003.3162
P. HAHNFELDT ET AL.

Fig. 5. Response to uneven vs. metronomic dose delivery. Shown are the responses to an irregular (d¼ 6 at t1¼ 1; d¼ 0
at t2¼ 2; d¼ 3 at t2¼ 3; red lines), and a metronomic (d¼ 3 at each of t1¼ 1, t2¼ 2, t3¼ 3; blue lines) dosing regimen, where
the total dose delivered over the cycle in each case is fixed at 9. The parameters here are l1¼ 1.0, l2¼ 1.0, g1¼ 0.2, g2¼ 1.8,
a¼ 1.0, b¼ 0.1. The solid line in each case is the total population response and the dotted line the response of the more
resistant subpopulation. Although the more up-front schedule is competitive early on, metronomic delivery provides better
long-term suppression.

Fig. 6. Resensitization rate effects on dose response. The rate at which the two subpopulations comprising a
heterogeneous tumor population attempt to re-establish their natural proportions following a dose experience may in itself
affect how effective a shift to metronomic delivery may be. Two populations are considered. Both have the same parameters
l1¼ 1.0, l2¼ 1.0, a¼ 1.0, b¼ 0.1, but in one case, there is slow resensitization (g1¼ 0.1, g2¼ 0.9), while in the second the
resensitization rate is four times faster (g1¼ 0.4, g1¼ 3.6). The differential response between irregular (solid red line) and
metronomic (solid blue line) dosing is small in the slowly resensitizing case, while the differential is very large in the quickly
resensitizing case (dotted red and blue lines). The former case may be more representative of the tumor cell population with
its broad cycling range and inefficient resensitization, and the latter more representative of the endothelial cell population
with its characteristically tighter cycling distribution and more efficient resensitization. This could explain the observed
increased therapeutic gain against endothelium under metronomic dosing.

doi:10.1006/jtbi.2003.3162
P. HAHNFELDT ET AL.
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Tumor heterogeneity and re-sensitization

• In the context of tumor heterogeneity, long-term minimization may often be 
the more practical objective 

• Metronomic scheduling is the best way to achieve it 

• Lends theoretical support to the anti-angiogenic basis of metronomic therapy 
as endothelial cells because of higher ability to desensitize

Fig. 5. Response to uneven vs. metronomic dose delivery. Shown are the responses to an irregular (d¼ 6 at t1¼ 1; d¼ 0
at t2¼ 2; d¼ 3 at t2¼ 3; red lines), and a metronomic (d¼ 3 at each of t1¼ 1, t2¼ 2, t3¼ 3; blue lines) dosing regimen, where
the total dose delivered over the cycle in each case is fixed at 9. The parameters here are l1¼ 1.0, l2¼ 1.0, g1¼ 0.2, g2¼ 1.8,
a¼ 1.0, b¼ 0.1. The solid line in each case is the total population response and the dotted line the response of the more
resistant subpopulation. Although the more up-front schedule is competitive early on, metronomic delivery provides better
long-term suppression.

Fig. 6. Resensitization rate effects on dose response. The rate at which the two subpopulations comprising a
heterogeneous tumor population attempt to re-establish their natural proportions following a dose experience may in itself
affect how effective a shift to metronomic delivery may be. Two populations are considered. Both have the same parameters
l1¼ 1.0, l2¼ 1.0, a¼ 1.0, b¼ 0.1, but in one case, there is slow resensitization (g1¼ 0.1, g2¼ 0.9), while in the second the
resensitization rate is four times faster (g1¼ 0.4, g1¼ 3.6). The differential response between irregular (solid red line) and
metronomic (solid blue line) dosing is small in the slowly resensitizing case, while the differential is very large in the quickly
resensitizing case (dotted red and blue lines). The former case may be more representative of the tumor cell population with
its broad cycling range and inefficient resensitization, and the latter more representative of the endothelial cell population
with its characteristically tighter cycling distribution and more efficient resensitization. This could explain the observed
increased therapeutic gain against endothelium under metronomic dosing.
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A dedicated model for metronomic chemotherapy

Benzekry, Barbolosi, Andre et al., MMNP, 2012

Hypotheses: 

1. Chemo has an anti-angiogenic effect by killing proliferative endothelial cells.  

2. Cancerous cells develop resistances to the CT whereas endothelial cells don’t.  

3. At low dose, the killing action of the drug is stronger on the endothelial 
compartment than on the tumor one
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N = tumor cells 

K = carrying capacity 

   = vascular support

+ PK/PD model for exposure of the drug given the concentrations



A dedicated model for metronomic chemotherapy

Benzekry, Barbolosi, Andre et al., MMNP, 2012
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Modeling of toxicity and scheduling of vinorelbine 
in NSCLC

Barbolosi, André et al., Cancer Chemother Pharmacol (2014) 
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hematopoietic chain composed mainly by progenitor and 
mature cells sequences. First proposed by our group to 
describe the impact of standard treatments on hematotox-
icity [25], this model has been slightly modified and cus-
tomized to address metronomic issues now and has inte-
grated as well modifications of the initial Friberg model 
[26].

When customized to address the issues of vinorelbine 
metronomics, using Monolix software simulated data by our 
PK/PD model proved to fit the clinical data published by Bri-
assoulis et al., both in terms of efficacy and toxicity. We next 
asked the model to identify a new continuous metronomic 
schedule achieving higher efficacy while being well tolerated 
(Fig. 1). Whereas Briassoulis et al. [17] used a D1, D3, D5 

Fig. 1  Comparative model 
prediction for PK (a drug 
exposure), toxicity (b neutrophil 
counts) and efficacy (c tumor 
mass) following Briassoulis 
et al. schedule (i.e., 50 mg on 
D1, D3, D5) and the compu-
tational-based schedule (i.e., 
60, 30, 60 mg on D1, D2, D4). 
Whereas similar tolerance is 
predicted between both sched-
ules, the alternative schedule 
identified as the solution by our 
PK/PD model could lead to a 
much greater impact on tumor 
growth eventually
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[26].

When customized to address the issues of vinorelbine 
metronomics, using Monolix software simulated data by our 
PK/PD model proved to fit the clinical data published by Bri-
assoulis et al., both in terms of efficacy and toxicity. We next 
asked the model to identify a new continuous metronomic 
schedule achieving higher efficacy while being well tolerated 
(Fig. 1). Whereas Briassoulis et al. [17] used a D1, D3, D5 
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⇒ ongoing phase I trial
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• Evolutionary viewpoint of 

resistance to therapy. Darwinian 

selection 

• Complex dynamics are hard to 

control. Why, then, use fixed, rigid 

protocols of drugs, dose and timing? 

• Gatenby suggests to rather adapt 

the protocol as the tumor evolves in 

response to therapy

Adaptive therapy

Gatenby, Nature, 2009

promote growth of resistant populations leading to tumor re-
growth and patient death. We find that adaptive therapy can
maintain a stable tumor population for a prolonged period of time,
permitting long-term survival.
We present some experimental results that establish the

feasibility of using adaptive therapy. To the best of our knowledge,
no in vivo studies using this therapeutic approach have been
previously attempted, and so our initial work was essentially
exploratory to determine if stable size could be achieved in an
aggressive tumor model using the principles of adaptive therapy.
The experiments represented only a simplistic test of the model
because the therapy variables were limited to the dose and timing
of a single drug (a complete adaptive therapy would also include
alternative drugs) and assessed tumor response only by changes in
size. Nevertheless, our results do confirm that a prolonged stable
tumor volume can be achieved through application of the
principles of adaptive therapy.
Although limited, the experimental results raise additional

interesting questions primarily because we found that control of
tumor could be achieved using progressively lower doses and
increasingly long intervals between doses. In the simulations for

tumors in which the primary mechanism of resistance is micro-
environmental, we found that enforcing a constant tumor volume
allowed ‘‘normalization’’ of the intratumoral vasculature. This
permitted tumor control with decreasing amount of drugs and,
more importantly, resulted in an end point in which all of the tumor
cells were sensitive to the chemotherapeutic agent. If this is con-
firmed experimentally, we note that this progression toward maxi-
mal sensitivity over time during tumor volume stabilization may
offer an additional adaptive therapy strategy in which high dose
density cytotoxic drugs could be administered with maximal effec-
tiveness after an initial therapy aimed to maintain a constant size.
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Figure 5. Two different experiments as
described in the text. The y-axis is the
mean tumor volume for the four animals in
each experimental group, and the x -axis
is the time from s.c. inoculation of 107

tumor cells. Each experiment included four
animals in three experimental arms:
(a ) control (vehicle only); (b) ‘‘standard’’
high dose therapy consisting of 60 mg/kg
q4 days for 3 doses; (c ) adaptive therapy
which begins with a dose of 50 mg/kg
and then adjusts the dose to maintain a
stable tumor volume. The arrows on the
x -axis represent days in which therapy was
given in the adaptive group. In the top
experiment, the doses are (from left to right)
50, 40, 40, 30, 30, 20, 20, 10, 10, 10,
10, 10, 10, 10, 10, 10 mg/kg. In the lower
experiment, the doses are 50, 50, 40, 40,
30, 20, 20, 10, 10, 10, 10, 10, 10 mg/kg.
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A change of strategy in the war on cancer
Patients and politicians anxiously await and increasingly demand a ‘cure’ for cancer. But trying to control the 

disease may prove a better plan than striving to cure it, says Robert A. Gatenby.
The German Nobel laureate Paul Ehrlich 
introduced the concept of ‘magic bullets’ 
more than 100 years ago: compounds that 
could be engineered to selectively target and 
kill tumour cells or disease-causing organ-
isms without affecting the normal cells in 
the body. The success of antibiotics 50 years 
later seemed to be a strong validation of 
Ehrlich’s idea. Indeed, so 
influential and enduring was 
medicine’s triumph over bac-
teria that the ‘war on cancer’ 
continues to be driven by 
the implicit assumption that 
magic bullets will one day be 
found for the disease. 

Yet lessons learned in 
dealing with exotic species, combined with 
recent mathematical models of the evo-
lutionary dynamics of tumours, indicate 
that eradicating most disseminated cancers 
may be impossible. And, more importantly, 
trying to do so could make the problem worse. 

In 1854, the year Ehrlich was born, the 
diamondback moth, Plutella xylostella, was 
first observed in Illinois. Within five decades, 
the moth, whose larvae feed on vegetables 
such as cabbage and Brussels sprouts, had 
spread throughout North America. It now 
infests the Americas, Europe, Asia and Aus-
tralia. Attempts to eradicate it using various 

chemicals suppressed popu-
lations only fleetingly and, 
in the late 1980s, biologists 
found strains resistant to all 
known insecticides. Over 
the past couple of decades, 
agriculturalists have aban-
doned efforts to eliminate 
the diamond back moth. 

Instead, most now apply insecticides only 
when infestation exceeds some threshold 
level with the goal of producing a sustainable 
and satisfactory crop. 

Under the banner of ‘integrated pest 
management’, hundreds of invasive species 

are now successfully controlled with strategies 
that restrict population growth. By contrast, 
very few such species have been eradicated. 
An infestation of the giant African snail, 
Achatina fulica, was eliminated in Miami, 
Florida, in the 1960s, for instance. But the 
snail is easy to catch and, in this case, it had 
spread to only a few city blocks. Two centu-
ries of experience have shown that the vast 
majority of introduced species are simply 
too heterogeneous, too dispersed and too 
adaptive to be eliminated.

Adapt and conquer
The dynamics of exotic species and invasive 
cancers differ in many obvious and subtle 
ways, yet there are important similarities. The 
invasion of pests involves dispersal, prolifera-
tion, migration and evolution — all of which 
are analogous to the processes that allow 
cancer cells to spread from a primary tumour 
into adjacent tissues or to new locations in 
the body via the lymphatic system or blood 

“The principles for 
successful cancer 

therapy might lie in the 
evolutionary dynamics 

of applied ecology.”
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Primary tumor VS metastases
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CT/AA combination. What sequence?

Days
0 5 10 15 20 25 30

N
u
m

b
e
r 

o
f 
m

e
ta

st
a
se

s

×104

0

2

4

6

8

10

12

14
Bevacizumab D0 Etoposide D8
Etoposide D0 Bevacizumab D8
Without treatment

Days
0 5 10 15 20 25 30

T
u
m

o
r 

si
ze

 (
m

m
3
)

×104

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

Bevacizumab D0 Etoposide D8
Etoposide D0 Bevacizumab D8
Without treatment

Bevacizumab D0 Etoposide D8 versus Etoposide D0 Bevacizumab D8

Primary tumor Metastases

⇒ The best sequence is different for the PT and the mets



• Although mathematics are a 

discipline far from medicine, 

theoretical models have often 

driven the paradigms 

underlying chemotherapy 

schedules 

• Rational design of 

chemotherapy protocols… 

• …and sequences in 

combination therapies (CT/AA, 

radio-immuno therapy)

Conclusions

Revised Figure

Benzekry, Pasquier, Andre et al., Semin Cancer Biol, 2015
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