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MODELING OVARIAN FOLLICULOGENESIS :
MORPHOGENESIS AND POPULATION DYNAMICS

C. BONNET 1 , K. CHAHOUR 2 , F. CLÉMENT 3 , M. POSTEL 4 , F. ROBIN 3 AND R. YVINEC 5

1 Ecole Polytechnique 2 Université Côte d’Azur 3 Inria Paris-Saclay 4 Sorbonne Université 5 INRA Tours

INTRODUCTION
We present stochastic population dynamic models applied to several situations to understand ovarian folliculogenesis
� Somatic cell population dynamics in a single follicle (either in the activating or basal growing phase)
� Whole follicle population dynamics during the reproductive lifespan

CELL DYNAMICS IN AN ACTIVATING FOLLICLE
Somatic cell transition and proliferation during follicle activation

Key questions: What are the kinetics of follicle activation ?
Are transition and proliferation concomitant ?

Data: Cell counts (Lundy et al., J. Reprod. Fertil., 115 (1999);
Wilson et al. Biol Reprod 64 (2011))
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Model: Flattened (F) and Cu-
boidal (C) cell dynamics

Stochastic Nonlinear Model Cell events Rate
Spontaneous transition (F,C)→ (F − 1, C + 1) αF
Auto-amplified transition (F,C)→ (F − 1, C + 1) β FC

F+C

Cuboidal Proliferation (F,C)→ (F,C + 1) γC
Self-renewing asymmetric divisions (F,C)→ (F,C + 1) δF

Data Fitting
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Results: see [3]

Clear separation bet-
ween transition and
proliferation in Wild-
type.
Auto-amplification is
not mandatory, espe-
cially for the Mutant
dataset

WHOLE FOLLICLE POPULATION DYNAMICS
Nonlinear interactions between follicular populations

Key questions: How a quasi-stable maturity repartition is achieved ?
What is the role of nonlinear interactions ?

Data:Follicle counts according to maturity class
Faddy and Gosden, Human Reproduction, 10 (1995); Thibault and Levasseur 2001MJ.Faddy and R.G.Gosden
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Figure 1. A mathematical model fitted to follicle counts from 43
human ovaries aged from 19 to 50 years of age. Each panel shows
a spline-smoothed regression ( ) to the raw data representing
pairs of ovaries (X) and the fitted model (—). Panels (a), (b) and
(c) are follicle stages I, II and III respectively.

were balanced, however, because no follicles were dying at
this stage.

The final column in Table I shows the total numbers of
follicles leaving stage III and therefore summarizes the outcome
of earlier stages of follicular growth leading towards ovulation.
The egress declined with age and this reflected the smaller
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7.284
(1.253)

Figure 2. Schematic diagram showing the model of follicle
dynamics in humans for adult ages up to and above 38 years of
age (phases 1 and 2 respectively). Follicles leave stages I, II and
III at the indicated growth and death rates (with SE) expressed as
number per year per number of follicles present.

Table I. The i
from 24 to 50

Age (years)

24-25
25-26
26-27
27-28
28-29
29-30
30-31
31-32
32-33
33-34
34-35
35-36
36-37
37-38
38-39
39^0
40-41
41^2
42^3
43-44
44-45
45-46
46-47
47-48
48^9
49-50

numbers of follicles moving from stage
i years of age

I->

13617
12 099
10 750

9552
8487
7541
6700
5953
5290
4700
4176
3710
3297
2929
6099
4506
3329
2459
1817
1342
991
732
541
400
295
218

(predicted from model)

13617
12 099
10 750

9552
8487
7541
6700
5953
5290
4700
4176
3710
3297
2929
2381
1759
1299
960
709
524
387
286
211
156
115
85

II->

18 399
16 764
15 189
13 704
12 324
11 055

9896
8845
7896
7042
6276
5589
4975
4427
3914
3366
2822
2322
1884
1511
1200
947
742
578
448
346

to stage per

18 399
16 764
15 189
13 704
12 324
11055

9896
8845
7896
7042
6276
5589
4975
4427
3914
3366
2822
2322
1884
1511
1200
947
742
578
448
346

annum

IIl->

18 626
16 986
15 401
13 903
12 508
11 223
10 050

8984
8022
7155
6377
5680
5056
4499
3986
3442
2895
2388
1941
1559
1240
979
767
598
464
359

numbers leaving stage I. It may seem surprising that the
numbers in the final column exceeded those in the first, but
this is due to there being many follicles already in stages II
and III at these ages, contributing to eventual egress from
stage III.

Although the numbers of follicles at stage III are falling,
they actually increase when expressed as a fraction of those
in stage I (Figure 3). This is, however, only an apparent
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Model: Population-dependent
follicle maturity and atresia

· · ·
λj−1−−−−−→ Fj−1

λj−−−−−→ · · ·yµj

∅

Stochastic Nonlinear Model Follicle events Rate
Follicle activation F0 → F1 ε λ0

1+K
∑d

j=1 ajFj
F0

Follicle maturation Fj → Fj+1 λjFj
Follicle atresia F j → ∅ µjFj

Qualitative agreement
Results: see [1]

Time-scale separation
explains quasi-stable
maturity repartition.
Removal of acti-
vation inhibition
explains acceleration
of reserve exhaustion

CELL DYNAMICS IN A GROWING FOLLICLE
Somatic cell proliferation during basal follicle growth

Key questions: What is the rate of growth ?
Is proliferation oocyte-dependent ?

Data: Total cell numbers, Oocyte and Follicle
diameters at three time points (Lundy et al., J. Reprod. Fertil.,

115 (1999); Smith et al. J. Reprod. Fertil., 100 (1994))

Model: Cell proliferation and
repartition in successive layers

Stochastic Linear Model Cell events Rate
Both daughter cells stay on mother’s layer N j → 2N j pj2,0bjN

j

One daughter cell into next mother’s layer N j → N j +N j+1 pj1,1bjN
j

Both daughter cells into next mother’s layer N j → 2N j+1 pj0,2bjN
j

Data Fitting
Results: see [2]
Data are compatible with

an exponential
growth phase.
a layer-dependent
growth rate is de-
creasing with oocyte
distance

MATHEMATICAL TOOLBOX
• (Structured) Population dynamics model: deterministic and stochastic models.
• Long-time and asymptotic analysis, time-scale separation.
• Transient analysis: analytical and numerical solutions, first passage time.
• Statistical methods: parameter estimation and identifiability analysis.

CONCLUSION AND PERSPECTIVE

Mathematical modeling helps:
� to test different follicle growth scenario and make prediction
� to challenge biological knowledge on follicle dynamics.

Current study and future projects will focus on different scales:
? Intra-cellular scale: FSHR signaling network and its role in fol-

licle selection (for a review of gonadotropin signaling models, see [5]).

? Follicle scale: coupling cell dynamics with biomechanics mo-
del to model antrum formation (extending and revisiting previous model [4]).

? Ovarian scale: Complement follicle population dynamics with
(i) ovarian reserve formation and (ii) ovarian cycle dynamics.
Comparative physiology approaches will also be taken into account.
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