
肺の枝分れの三次元モデルと	

頭蓋骨縫合線のパターン形成の

数理モデル

三浦　岳	

九州大学大学院医学研究院	


生体制御学講座　系統解剖学部門



血管 唾液腺 歯牙

0 min 1500 min 

肺結晶 涙腺Figure 9: 断熱条件下での過冷却凝固の 3次元シミュレーション

7 おわりに

　　本テキストを書くにあたり、講演時間の制約とともに、初歩から詳しくフェー
ズフィールドモデルを解説したものがないという事情を考えて、最もベーシックな
タイプのモデルに話を限り、丁寧に解説することにした。実際的により興味をもた
れるであろう 2相合金系 [9]-[11]や多相系 [13]-[15]、さらに多成分系 [19]については
以下の文献を参考にしていただきたい。またごく最近、すぐれたレビューペーパー
が出たので [20]、御一読をお奨めする。
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枝分れ構造形成



Langman's Medical Embryology

例：肺の枝分れ



再構成培養法
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例：肺の枝分れ

• 24-36 hrs



単一の上皮細胞のFGF10発現への影響

FGF10: E-cadherin
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FGF10: E-cadherin

細胞集団の場合：個々の細胞の効果の総和

個々の細胞の効果の総和
＞畳み込み積分



FGF10 による肺上皮の成長

遺伝子発現の変化よりかなり遅い
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界面方程式と 
畳み込み積分による実装

• 上皮＞間葉：個々の上皮細胞は周辺の
FGF産生を抑制する	


• 間葉＞上皮：上皮組織はFGFがあると成
長する



支配方程式

� :畳み込み積分

V = f(v)� ⇥�

v = k � u

FGF分布

成長速度 表面張力

上皮の分布単一細胞の
効果

FGFの効果

u = 1 �

u = 0

V

v

k

k(x, y) =
�

1/(�r2
0) (x2 + y2 � r0)

0 (x2 + y2 > r0)



数値計算（2次元）

u� = u(1� u)(u� 1/2 + (1/2� v)) + du�u

v = k � u

k(x, y) =
�

1/(�r2
0) (x2 + y2 � r0)

0 (x2 + y2 > r0)



実験データとの比較



ECM degradation 	

> fast FGF diffusion > cyst

Control Kernel diameter x100

Control 2ug/ml Collagenase

Int. J. Dev. Biol 	


35: 453-461 (1991)



Saturating FGF 
concentration results in cyst

Control
FGF10 beads	


2 ug/ul 

Control Saturated f(v)



Tip dilatation

doi:10.1038/nature07005

Metzger 2008 Tip Stalk

Experiment Simulation



Tip & Stalk shape as quasi-steady state

Bulk effect (f(v))	

balanced by 	


another interface

Bulk effect (f(v))	

balanced by 	


surface tension 

Tip diameter Stalk thickness



肺の枝分れの3次元の数値計算

not branch > Reverse symmetry?	

f(v)を



村川さん	

「ε=0.1にしたら出ました」

• 先端二分岐ではな
い＞ε調節	


• Grid効果が出る＞
dx, dt も小さめに	


• ノイズ入れる？



境界形状と分枝パターン

forms distal to the first lateral branch (L.L1). Although the timing
and spacing of branch budding within a row was regular and
stereotyped, these parameters were not tightly coupled between rows.
Thus, each row appears to comprise an independently patterned
domain.

The results imply there are two patterning systems controlling
domain branching: a proximal–distal system including a periodicity
generator that controls the sequence of branching within each
domain, and a circumferential system that specifies the positions of
domains and the order in which domains are used (Fig. 2f). Also,
because domains differ in number of branches and the position at
which branching initiates, the proximal–distal system must also set
the initiating position and register of each domain.

Planar and orthogonal bifurcation

Although many tertiary branches also form by domain branching
(Fig. 2c and Supplementary Fig. 1), some tertiary and later-
generation branches form by a different mode in which the tip
expands and bifurcates. In the L.L2 lineage (Fig. 2d), the founder
branch bifurcates along the anterior–posterior axis to form a pair of
tertiary branches, which bifurcate again in a similar orientation to
form four quaternary branches. The process repeats, creating planar
arrays of fourteen or more branches by E16. We call such series of two
or more tip divisions, all of which occur in the same plane, planar
bifurcation (Fig. 2f).

Other tertiary and most later-generation branches form by a third
branching mode called orthogonal bifurcation (Fig. 2e). Branches
bifurcate at their tips, as in planar bifurcation. However, between
each round of branching there is a ,90u rotation in the bifurcation
plane, so that the four granddaughters are arranged in a rosette
(Fig. 2f). Typically, this alternating sequence continues with the
bifurcation plane rotating ,90u in each round, as in the
RCd.L1.V1 lineage, which undergoes at least four rounds and
generates a cluster of 30 branches (Fig. 1d).

The anatomical orientation of each round of orthogonal bifurca-
tion is generally stereotyped and can be distinct for different
branches. For example, L.D2 first bifurcates along the lateral–medial
and then the anterior–posterior axis, whereas RCd.D1 does the
reverse (Fig. 2e). However, orientation control appears to deteriorate
over time because the orientations of late generations in the
RCd.L1.V1 and other lineages were less stereotyped, although they
were always oriented orthogonal to the preceding bifurcation.

Pattern of deployment of the local branching modes

The three branching modes are used at many different times and
positions and account for nearly all branching events in the first
five days of lung development (Supplementary Fig. 1). Pseudo-
colouring branches according to the mode by which they form
revealed that each mode is associated with a specific aspect of lung
design (Fig. 3a). Domain branching is used first and generates the
central scaffold of each lobe, setting its overall shape (for example,
trigonal pyramidal for RAc). Planar bifurcation forms the thin edges
of lobes, and orthogonal bifurcation creates lobe surfaces and fills the
interior.

There is no global transition from one branching mode to another.
At many developmental stages all three modes are used concurrently
(Fig. 3a), and even individual branches can use more than one mode
(Fig. 3b). Furthermore, branching proceeds at different and somewhat
variable rates in different lineages (see below). Thus, deployment of
the branching modes is not controlled by a global developmental or a
generational clock. Rather, each lineage proceeds independently
through a characteristic sequence of branching modes.

With three branching modes and seven or more generations of
branches, there are thousands of possible sequences in which branch-
ing modes could be used. However, only three were observed
(Fig. 3c). In sequence 1, a founder branch (for example, L.D2)
formed by domain branching switches immediately and permanently
to orthogonal bifurcation (Fig. 2e). In sequence 2, a founder branch
formed by domain branching (for example, L.L2; Fig. 3b) forms some
daughters (for example, L.L2.D1) by domain branching, which
switch permanently to orthogonal bifurcation, as in sequence 1
(dotted box in Fig. 3c). However, the founder forms other daughters
by planar bifurcation (for example, L.L2.A and L.L2.P). These daugh-
ters continue to undergo planar bifurcation at their tips, and also
form domain branches along their length. These domain branches
switch permanently to orthogonal bifurcation. In sequence 3, a
founder and some of its descendants recapitulate sequence 2 (right
half of sequence 3; Fig. 3c). However, the founder also forms daugh-
ters that themselves follow sequence 2 (dotted box, left half of
sequence 3).

Figure 3d shows where each of the three sequences are used and
the lineages that they generate. These three sequences of deployment
of the three branching modes describe the complete lineage of the
bronchial tree.
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Figure 3 | Deployment of branching modes. a, Lungs from Fig. 1a with
branches pseudocoloured blue (domain branching), green (planar
bifurcation) or red (orthogonal bifurcation) to indicate the branching mode
used to form the branch. b, Close-up of L.L2 (dorsal view, lateral at the right)
pseudocoloured as in a. Lineage diagrams are also coloured to indicate the
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mode. Scale bar, 100mm. c, Sequences of branching mode use. DB, domain

branching; OB, orthogonal bifurcation; PB, planar bifurcation. Sequence 2
includes a lineage formed by sequence 1 (dotted box), and sequence 3
includes a lineage formed by sequence 2 (dotted box). d, Diagram showing
the sequence in c used to generate each lineage off the lobar branches (R.Cr,
R.Md, R.Ac, RCd, L; see Supplementary Fig. 1). Lineages are named after the
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lateral branches (Fig. 1b). The spacing of branches in each row and the
order in which rows trigger (Fig. 2c) are the same as in the L lineage,
but the proximal–distal positions at which rows initiate and the

number of branches in each row are not. For example, the first
dorsal branch (RCd.D1) forms proximal to the first lateral branch
(RCd.L1), whereas in the L lineage the first dorsal branch (L.D1)
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Figure 1 | Branching morphogenesis of the mouse bronchial tree. a, Whole-
mount lungs (ventral view) at the embryonic day indicated immunostained
for E-cadherin (green) to show the airway epithelium. Dotted lines show the
right cranial (RCr), right middle (RMd), accessory (RAc), right caudal (RCd)
and left (L) lobes. Scale bar, 500 mm. b, Reconstructing branching dynamics
using three E12 specimens ,3 h apart in age. Lateral secondary branches
L1–3 (dots in b, c) sprout in a proximal-to-distal order from the left (L)

primary branch, as do the lateral secondary branches L1 (box in b, c) and L2
from the distal (RCd) portion of the right (R) primary branch. Scale bar,
200mm. c, Branch lineage diagram for the oldest lung in b. Branch names
indicate the lineage, for example, RCd.L1 is first lateral secondary branch
off RCd. d, Lineage diagram of RCd.L1 showing 250 descendant branches
at E15 (box in a). A, anterior; D, dorsal; L, lateral; M, medial; P, posterior;
V, ventral; asterisk, orientation can vary.
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Figure 2 | Branching modes in lung development.
a–c, Domain branching. a, Schematics of lateral and
dorsal secondary branches budding from L. Lateral
secondary branches (L1–5) bud in proximal-to-
distal order. Proximal-to-distal branching begins
again in the second domain (projecting into the
plane of the figure) to form a row of dorsal
secondary branches (D1–4, dashed circles). Right
panel, E14 schematic rotated 90u to show dorsal
branches. b, Lineage diagram of secondary branches
from L. Branches form in four domains: lateral (L),
dorsal (D), medial (M) and ventral (V), indicated by
blue bars. c, Schematic cross sections through L and
the three other branches indicated, showing
positions of domains and the order (arrows) in
which domains are used. d, Planar bifurcation.
Ventral view of the branch L.L2 in a series of fixed
specimens from E13 to E16, showing sequential
bifurcations along the A–P axis. E15 and E16
specimens were stained with anti-smooth muscle
a-actin to highlight early branch generations, which
are surrounded by smooth muscle. Dotted lines
outline bifurcations. Right panel, lineage of L.L2
descendants formed by planar bifurcation;
branches not yet formed in the E16 specimen are in
grey. Scale bar, 100mm. e, Orthogonal bifurcation.
End-on (dorsal) views of branches indicated in a
developmental series of E13 and E14 specimens.
L.D2 bifurcates along the L–M axis, and its
daughters along the A–P axis, whereas RCd.D1
bifurcates along the A–P axis and its daughters
along the L–M axis. Scale bar, 100mm. f, Schematics
of branching modes. The first bifurcation in a series
is classified retrospectively based on the orientation
of the subsequent bifurcation. Icons show
patterning and morphogenesis operations inferred
for each mode: proximal–distal periodicity
generator, circumferential domain specifier, branch
bifurcator, and bifurcation plane rotator.
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依頼１：

• 皺ではなく枝分かれを三次元で安定して出すための
条件は？	


• Metzgerの提唱した３パターンを境界形状のみで実
現できる？



頭蓋骨の縫合線のパターン形成

新生児 成人

前頭縫合



組織

硬膜

Pericranium未分化な間葉組織

３週齡マウス矢状縫合



機能：頭蓋骨の成長



頭蓋骨早期癒合症

Child’s Nerv Syst (2000) 16:645–658	


Crouzon syndrome - FGFR GOF mutation



Year Note 2009



湾曲の機能：縫合線の強度

J Biomechanics 23(4) 313-321 
(1990)



フラクタル構造

J. Morphol. 185. 285- (1985)



モデルと数値計算

V = f(v)� ⇥�

v = k � u

FGF分布

骨成長速度 表面張力

間葉分布単一細胞の効果

FGFの効果

曲率と速度の関係



出芽パターン



数理解析
V = f(v)� ⇥�

v = k � u

吉村賢二＋小林亮



実測データ:大阪医大

• 頭蓋骨縫合線早期癒合症の診断に必要

3m 32m



依頼２

• 「出芽」パターンの生じる条件	


• 実測データからモデル（関数＋カーネル）を推定で
きる？


