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Population Dynamics
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Parameter Descriptions Estimate (range)
R, Reproduction number of 13
seasonal strain
R, Reproduction number of R
pandemic strain
o Ratio of R, to R, 1.2 (0.8-1.4)
h, Case fatality ratio of seasonal | 0.001
influenza
h, Case fat_ali_ty ratio of ahg
pandemic influenza
o, Ratio of h, to h, 4 (2-8)
Uy, 1y, Mean generation time (%) 2.6 days
& Vaccine efficacy against 0.8 (homologous)
seasonal strain
0.6 (heterologous)
& Vaccine efficacy against 0.8
pandemic strain
N Population size 12800 X 10* persons
M Maximum number of vaccine | 5000 X 104 persons

productions
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Seminal
vesic!el

- Prostate gland (B 3ZAR)

— Structure
* Chestnut-shaped organ Urethra
Below the bladder in men PE”T
—Roles =

This shows the prostate and nearby organs.

- Manufacture and secrete
seminal fluid

- Maintain normal urinary
health and sexual activity

This shows the inside of the prostate, urethra,
rectum, and bladder,

Wikipediad Y #5#(2011/11/29)
http://ja.wikipedia.org/wiki/Z7 - JL:Prostatelead.jpg



Introduction
Prostate cancer

— Comparison among cancers
e Second leading cause of cancer death

Z1EEDEEIZKY.
ZZICEBASN TV BB FHIBRLEL =,

American Cancer Society, Cancer Facts & Figures 2006,
p.2 “Age-Adjusted Cancer Death Rates, Males by Site, US, 1930-
2002”

http://www.cancer.org/acs/groups/content/@nho/documents/document
/caff2006pwsecuredpdf.pdf



- Prostate cancer
— Comparison among countries

Incidence of prostate cancer(2000)

U.S.
Canada
Australia
Swiss
France
Germany
U.K.
Brazil
Japan
China
India

Korea

0 50 100 150
(per 100,000)

(Source)
Globocan 2000 : cancer incidence, mortality and prevalence worldwide / WHO,
International Agency for Research on Cancer ; J. Ferlay, F. Bray and D.M. Parkin



e Prostate cancer

— Influential factors
e Aging
 Fatty foods
— Staging
* Blood test (Serum Prostate-specific antigen (PSA))
* Imaging modality
— Treatments

e Endocrine therapy (male hormone)
e Surgical, radiational, and chemical therapies



-Hormonal therapy |

Seminal
vesic!e?
|

—Male hormone R
(androgen) A

- Testes
- Adrenal glands

—Therapies
- Androgen deprivation

therapy (ADT)
—Huggins & Hodges(1941)
— Surgical orchtectorny
— Chemical castration
- Total androgen blockage
— Anti-androgens

This shows the inside of the prostate, urethra,
rectum, and bladder.

Wikipediad Y #5#(2011/11/29)
http://ja.wikipedia.org/wiki/Z7 - JL:Prostatelead.jpg
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SeocETEI200548H6H (4 1))

Hormone Therapy is adopted as the unique principal treatment
for nonmetastatic cases in 40% of Japanese hospitals
(6" August,2005, Yomiuri News paper)

HARDHAZ|DEEEBETIX, BEAADRILEVEBEMN
[FAEEEIELTERINTLNS
(2005E8HA6H E5T#ER)
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HRBVIRZED A

National Cancer Institute of Canada P.R7/Southwest Oncology Group JPR7
Schema.

Z1EIEDEEIZEKY.
CCICHEASN TV -EZEZHIBRLELT-,

Bhandari M S et al. (2005)
Should Intermittent Androgen Deprivation
Be Used in Routine Clinical Practice?
Journal of Clinical Oncology,
23(32):8212-8218, p.8216 Fig 3.



Variables

 To describe the behavior of prostate
cancer

we Introduce two variables.

X1: the number of androgen-dependent cells

X2: the number of androgen-independent
cells

(the most simple discrimination)



 Mathematical equations

— Androgen dynamics(u=1 for On, u=0 for Off)

d"gf) — y(a(t) —a,) — au(t)

— Tumor dynamics(AD and Al cells)

) - fa,p, (a(0) - A0, @) - M(@O) P O
proliferation apoptosis mutation
L) m(a)x, 1)+, . (a®) - .02, ()
proliferation apoptosis

— PSA concentration

Y(t) =G X (t) +C, X, (t)

Androgen dynamics  Prostale cancer dynamics h
Administration Serum PSA With kind permission from Springer
h2Y a2 p » Science+Business Media:<Journal of
u ¥ y Nonlinear Science, A Mathematical Model
a X1, X2 of Intermittent Androgen Suppression for
: A Prostate Cancer, volume 18, 2008, 593-

:F 614, A.M. Ideta, G. Tanaka, T. Takeuchi,
and K. Aihara, Fig.3>



IAS OEIEBETIL

Tumor growth under IAS remedy  u = 0: off-medication

Androgen dynamics

AD cells

Al cells

PSA

medication

u(t) = 1: on-medication

B (a0 -a) - rau0),

proliferation apoptosis mutation
D 10,y (a() — 404 (a(0) M@}, ©).
ax (t) mutation proliferation apoptosis

27 m(a(t))x (t) +{052 P, (a(t)) - /quz (a(t))}x (1),

dt
y(t) = c.x, (t) + ¢, X, (1),
u(t) = 0—>1 y(t)=r,dy(t)/dt>0 :Restart medication
|10 y()=r,, dy(t)/dt <0 * Stop medication

Androgen dynamics  Prostate cancer dynamics
Administration Serum PSA

. Zy a I ; I )
With kind permission from Springer a X1, Xz
Science+Business Media:<Journal of
Nonlinear Science, A Mathematical Model Hysteresis
of Intermittent Androgen Suppression for u 4y
Prostate Cancer, volume 18, 2008, 593- O_D_ <
614, A.M. Ideta, G. Tanaka, T. Takeuchi, :F fo

and K. Aihara, Fig.7>



Switching  of Linear Dynamics [;(] = Qi[

Off treatment : u=0 On treatment: u=1
Q = {0‘1 Py — Bl — My 0 } Q, = |:a1 Py— B — My 0 }
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Simplified Model

Androgen level=0 or a0

— 2 > 25 S ———
U y a0 MR IBEE RREET L
{a:aoatu:O X1, X5
a=0 atu=1

BRE “OFF” IKEE (a=a,) N IR E
“ON” JREE (a=0) NI <IZZE1E
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FOTHTEMRNELSD
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Unsuccessful IAS




Unsuccessful IAS

RER u=1



Unsuccessful IAS




Successful IAS

Stable limit cycle

X2




Successful IAS

Stable limit cycle

X2

a
i

=

P >
(\ —X4
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Successful

IAS

Stable limit cycle

X2




Successful

IAS

Stable limit cycle

X2




m;& PSA (ng/ml)
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:F G. Tanaka, K. Tsumoto, S. Tsuji, K.
Aihara,(2008) “Bifurcation Analysis on a Hybrid
Systems Model of Intermittent Hormonal
Therapy for Prostate Cancer”, Physica D,
237(20): 2616-2627, p.2619 Fig.2

A grazing bifurcation point can be
characterized by a trajectory tangent to the
event-triggering section 0 at X = X,. A trajectory
hits the section 71, at hit A,;>A whereas it
misses to touch the section at miss A <A.



e Grazing bifurcation(G.Tanaka et al.,PhysicaD,2008)
1_IO

Partial Poincaré maps with return time

/ Hl

To:TT, 5> TI; X, > @y (74(%), %)

TiiIL, >0, X @ (r—7,(%), %)

N
0

Poincaré map with regard to global coordinate

f:flofo /

POIncaI’é map W|th I’egal’d to |OCa| COOI’dInate before (red) and after (green) grazing

P=hoToh™

Conditions of global bifurcation

Fixed point of Poincaré map

P(w,z)—w
F,(w,7,4)=| (T (h™(w),7))

B ¢ (T (h(w), 7))
OX i

Intersection with the section

AN

Tangency to the section
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Relapse Prevention

G. Tanaka, K.
Tsumoto, S. Tsuji, K.
Aihara,(2008)
“Bifurcation Analysis
on a Hybrid Systems
Model of Intermittent
Hormonal Therapy for
Prostate Cancer”,
Physica D, 237(20):
2616-2627, Fig.4,
Fig.5, Fig.6(c)
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Mathematical modeling of nonlinear dynamics in
prostate cancer
and its application to intermittent hormone therapy

K. Alhara*, Y. Hirata*, and N. Bruchovsky**

* Univ. of Tokyo, *Vancouver General Hospital

Timeseries Data of Serum PSA for Each Patient

$

A Mathematical Model which is Fitted to the Timeseries Data

$

Tailor-Made Prediction and Medication of Prostate Cancer
Based on the Mathematical Model



under medication under non-medication

©

irreversible

a schematic diagram for model with reversible and irreversible changes.



Yes

d9; <1 Type 1
No
di, >d?, dy, >d3, or di;>dl,
Yes No

Type 2 Type 3



Classification

 Typel: there may exist a strategy that the
cancer will not relapse under IAS.

* TypeZ2: the cancer will eventually relapse but the
non-medication periods delay the relpase.

 Type3: the cancer will relapse and IAS cannot
delay the relpase.



Optimal control of prostate cancer

— We have described the behavior of prostate cancer.

— How to control cancer? =>Opt|mal Control

Cost Function
T=7

T—-1

min Z{Rlu(k)l + lx ()13 + 2[1x(T)l2

K=

u(kye {0,1}

/

R :penalty for dosing

— Large : reduce dosing
— Small : reduce cancer as well as possible



Observation

Patient with any
disease

Treatment of choice

Medical
doctor

Time series data
of a biomarker

Modelling

A personalized
mathematical model

Analysis

Optimization of
therapy scheduling

Information
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