
Context and modeling hypotheses Chemotactic response to a physical stress Interstitial fluid flow driven by a moving needle

Acupunture, Modeling, and Simulation

Yannick Deleuze

Joint Ph.D. degree program
supervised by Marc Thiriet and Tony W.H. Sheu

prepared at the Laboratoire Jacques-Louis Lions (UPMC) and
the Department Of Engineering Science And Ocean Engineering (NTU)

@thechicanosweb #ChaireMMB

Chaire MMB, Aussois, May 29, 2017

Yannick Deleuze
��

Modeling and simulation on transport 
phenomena during acupuncture

Under the supervision of

Marc Thiriet and Tony W.H. Sheu

Yannick Deleuze UPMC - NTU

Acupunture, Modeling, and Simulation

https://twitter.com/thechicanosweb
https://twitter.com/hashtag/ChaireMMB


Context and modeling hypotheses Chemotactic response to a physical stress Interstitial fluid flow driven by a moving needle

Outline

1 Context and modeling hypotheses

2 Unsteady chemotactic response to a physical stress

3 Interstitial fluid flow driven by a moving needle

Yannick Deleuze UPMC - NTU

Acupunture, Modeling, and Simulation



Context and modeling hypotheses Chemotactic response to a physical stress Interstitial fluid flow driven by a moving needle

Outline

1 Context and modeling hypotheses
Chinese acupuncture
Acupuncture framework
Summary

2 Unsteady chemotactic response to a physical stress

3 Interstitial fluid flow driven by a moving needle

Yannick Deleuze UPMC - NTU

Acupunture, Modeling, and Simulation



Context and modeling hypotheses Chemotactic response to a physical stress Interstitial fluid flow driven by a moving needle

Chinese acupuncture

Acupuncture
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http://en.wikipedia.org/wiki/Meridian_

(Chinese_medicine)

Acupuncture (針) and moxibustion (灸) are
two minimally invasive procedures of
traditional Chinese medicine.

Applications include
alternative treatment to chemotherapy,
analgesic treatment,
depression and anxiety treatment,
alcohol and tobacco withdrawal treatment,
gastrointestinal disorder treatment,
skin condition treatment.
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Chinese acupuncture

Foundation of traditional Chinese medicine (Cheng, 1987)
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Needles can be used to stimulate specific points on the
body, namely acupoints (xuè, 穴), distributed along the
meridians and collaterals.

The meridians and collaterals (j̄ıng luò, 經絡) are pathways
along which the q̀ı, blood, and body fluids flow.

Q̀ı, blood, and body fluids are the three fundamental
material foundations for the physiological functions of the
zàng-fǔ (臟腑) organs, tissues, and meridians.

Meridians are connected to the zàng fǔ organs internally
and extend over the body externally to form a network
linking tissues and organs into a whole.

The complex relationships of q̀ı, blood, and body fluids
manifest in physiology and are important in determining the
treatment to adopt.

Balance of the ȳın (陰) and yáng (陽) is achieve by
removing blocks in the flow of q̀ı (氣) at acupoints.

Proper manipulation leads to the dé q̀ı (得氣) sensation.
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Acupuncture framework

Acupuncture framework

There is a great demand for explanations regarding the basic concepts such as q̀ı,
meridians, and acupoints.

Anatomical and physiological natures of acupoints and meridians are not yet fully
understood.

The absence of complete scientific background of the acupuncture biochemical
mechanisms has motivated us to carry out modeling and numerical simulation of both
macroscopic and microscopic aspects of the acupuncture process.

Motivation

Creation of a biologically relevant mathematical acupuncture model.
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Acupuncture framework

External stimuli

An acupuncture needle was inserted with no rotation (A) or unilateral rotation (B).
(Bar = 1 mm)

Fig. 4 
 

          
 

Figure 4. Rat abdominal wall tissue histology. An acupuncture needle was inserted into the abdominal wall of live 
anesthetized rats, followed by no rotation (A) or unidirectional rotation (B). Immediately after needling, the animal was 
killed, tissues were formalin-fixed, sectioned roughly parallel to the needle track (labeled with ink), and stained with 
Hematoxylin/Eosin. Abdominal wall layers include dermis, subcutaneous muscle, subcutaneous tissue (arrow), and 
abdominal wall muscle. Marked thickening of subcutaneous tissue is seen with needle rotation.  Scale bars, 1 mm. 

Langevin, Helene M, David L Churchill, Junru Wu, Gary J Badger, Jason A Yandow, James R Fox, and Martin H Krag. “Evidence of Connective Tissue Involvement in Acupuncture.” FASEB Journal: Official 
Publication of the Federation of American Societies for Experimental Biology 16, no. 8 (2002): 872–74. doi:10.1096/fj.01-0925fje. 

Epidermis

Dermis

Hypodermis

Muscle

Hypodermis main constituents (Iatridis et al., 2003)

connective loose tissue,

extracellular matrix : mesh-like medium (sparse collagen and elastic fibers
immersed in a gel of glycoproteins and proteoglycans) that can bear gelification
or fluidization,

scattered cells : mastocytes, macrophages, fibroblasts, lymphocytes, adipocytes,

high density of blood and lymphatic vessels and nerves terminals,

high concentration of ions.
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Acupuncture framework

Signal development

extracel lu lar  matr ix  orotein

'1170 Chapter 19: Cell Junctions, Cell Adhesion, and the Extracellular Matrix

lntegrins Are Transmembrane Heterodimers That Link to the
Cytoskeleton
There are many varieties of integrins-at Ieast 24 in humans-but they all con-
form to a common plan. An integrin molecule is composed of two noncovalently
associated glycoprotein subunits called u, and B. Both subunits span the cell
membrane, with short intracellular C-terminal tails and large N-terminal extra-
cellular domains. The extracellular portion of the integrin dimer binds to spe-
cific amino acid sequences in extracellular matrix proteins such as laminin or
fibronectin or, in some cases, to ligands on the surfaces of other cells. The intra-
cellular portion binds to a complex of proteins that form a linkage to the
cltoskeleton.

For all but one of the 24 varieties of human integrins, this intracellular link-
age is to actin filaments, via talin and a set of other intracellular anchorage pro-
teins (Figure 19-45); talin, as we shall see later, seems to be the key component
of the linkage. Like the actin-linked cell-cell junctions formed by cadherins, the
actin-linked cell-matrix junctions formed by integrins may be small, inconspic-
uous and transient, or large, prominent, and durable. Examples of the latter are
the focal adhesions that form when fibroblasts have sufficient time to form
strong attachments to the rigid surface of a culture dish, and the myotendinous
junctions that attach muscle cells to their tendons.

In epithelia, the most prominent cell-matrix attachment sites are the
hemidesmosomes, where a specific type of integrin (cr6p4) anchors the cells to
laminin in the basal lamina. Here, uniquely, the intracellular attachment is to
keratin filaments, via the intracellular anchor proteins plectin and dystonin
(Figure 19-46).

Integrins Can Switch Between an Active and an Inactive
Conformation
A cell crawling through a tissue-a fibroblast or a macrophage, for example, or an
epithelial cell migrating along a basal lamina-has to be able both to make and
to break attachments to the matrix, and to do so rapidly if it is to travel quickly.
<TGAI> Similarly, a circulating white blood cell has to be able to switch on or off
its tendency to bind to endothelial cells in order to crawl out of a blood vessel at
a site of inflammation under the appropriate circumstances. Furthermore, if

Figure 19-45The subunit structure of
an active integrin molecule, l inking
extracellular matrix to the actin
cytoskeleton. The head of the integrin
molecule attaches direct ly to an
extracel lular protein such as f ibronectin;
the intracel lular tai l  of the integrin binds
to tal in, which in turn binds to
f i lamentous actin. A set of other
intracel lular anchor proteins, including
o-actinin, f i lamin, and vincul in, help to
reinforce the linkage.

Distribution of the mechanical stress via integrins

Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, Peter Walter. Molecular Biology 
of the Cell. 2008. Fifth Edition, Garland Science Publishers, New York.

⌦1

⌦2

continuum 
for stress 

transmission

ECM

CYTOSKELETON

Mechanotransduction

refers to the various mechanisms by which cells convert mechanical stimuli into
biochemical activity,

results from stress transmission to the plasma membrane by the strained
extracellular matrix.

Motivation

Computation of the stress field affecting the cell membrane.
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Acupuncture framework

Signal development

Mastocyte (肥大細胞)

Immunocyte that

is found in large quantity in connective tissue,

contains granules storing chemical mediators,

releases granule content within minutes,

resynthesizes its content upon release.
October 19.97 MAST CELLS 1037 

FIG. 1. Electron micrograph of human mucosal mast cell showing interdigitation of surface membrane with an 
adjacent stromal cell (arrowhead). 

mitted mast cell progenitors may also be harvested from 
mesenteric lymph nodes of mice infected with Nippo- 
strongylus brasiliensis (240). 

In vitro studies have confirmed the bone marrow ori- 
gin of mouse mast cells and have allowed the isolation of 
specific mast cell growth factors. In 1981, several groups 
(356,357,420,456,517) reported that populations of mast- 
like cells could be obtained by culturing mouse hemato- 
poietic cells in media derived from concanavalin A (Con 
A)-activated T cells, cloned Ly1+2- inducer T cells, or 
WEHl-3B tumor cells. These mast cells were subse- 
quently characterized and superficially resemble the mu- 
cosal mast cell phenotype (487). 

Analysis of the soluble products of lymphocytes and 
similar cells that were capable of sustaining the growth 
of mast cell populations led to the characterization of 
several molecules that promote or augment murine mast 
cell proliferation: IL3, IL4, IL9, ILlO, and nerve growth 
factor (NGF) (152, 219, 225, 240, 286, 312, 425, 443, 528, 
586). Interleukin-3 stimulates the formation of colonies of 
nearly all hematopoietic lineages. Studies of bone marrow 

cells cultured in collagen gel in the presence of WEHI- 
conditioned medium as a source of IL-3 showed that -30% 
of the colonies formed contained mast cells, either as 
pure mast cell colonies or as mixed colonies (282). Mouse 
bone marrow cultured in IL-3 gives rise to cultures that 
consist of 85% or more mast cells by 4-5 wk (442, 588). 
Granulocyte-macrophage colony-stimulating factor (GM- 
CSF), on the other hand, inhibits the differentiation of IL- 
3-dependent mast cells (63) as does granulocyte colony- 
stimulating factor and interferon-y (IFN-y) (443). Trans- 
forming growth factor-p (TGF-P) similarly inhibits mast 
cell proliferation (67). Interleukin-3-dependent mast cells 
have granules that contain the chondroitin sulfate E pro- 
teoglycan. After 1 wk of culture in IL3, one-third of mouse 
bone marrow cells have been reported to have IgE recep- 
tors (409, 442), and by 3 wk, all cells are positive and 
synthesize chondroitin sulfate E (421). However, not all 
mast cells cultured from marrow are Fc,RI+ (260). This 
appears to be due to a deficiency in these cells in the 
expression of Fc,RIy mRNA (419). These cells, however, 
are toluidine blue positive and contain histamine. 

Role of Mast Cells 
(肥大細胞) 
in Acupuncture
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Acupuncture framework

Signal development

Cell responses to a physical field

Mastocyte stimulation by a physical process opens calcium ion channel.

Cytosolic Ca2+ causes granule transport to the membrane and release of its
content.

Calcium ion channel gating

Ca 2+

ion channel

storage granule

exocytosis

material 
release

membrane
fusion

membrane stretch
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heat
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electrical charge motion
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ion flux
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O

O
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Thiriet M Modeling & simulating acupuncture

Yannick Deleuze UPMC - NTU

Acupunture, Modeling, and Simulation



Context and modeling hypotheses Chemotactic response to a physical stress Interstitial fluid flow driven by a moving needle

Acupuncture framework

Signal development

Operation mode

4 main techniques that can be combined

acupuncture development of a local mechanical stress field by needle motions
(lifting–thrusting cycle or rotation)or applying finger pressure at
the acupoint (mechanotransduction),

moxibustion development of a local temperature field by directly or indirectly
applying a heating moxa (mugwort herb) at acupoints
(thermotransduction),

electroacupuncture development of a local electrical field by applying a small
electric current between a pair of acupuncture needles at
acupoints (electrotransduction),

laser acupuncture stimulation of photosensitive GPCRs by laser light at acupoints
(phototransduction).
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Acupuncture framework

Signal development
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Acupuncture framework

Signal development

Acupoint - Primary actors

Mastocytes are present in large density in the hypodermis,
contain granules storing chemical mediators,
release granule content within minutes for intra-, auto-, juxta-,
para-, and endocrine signaling.

Neural terminals high density

Capillaries high density

Ions high concentrations (K+, Ca2+, Fe2+, Mn2+, Zn2+, PO3−
4 ).
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Acupuncture framework

Signal development

Mastocyte chemotactic recruitment acupoints

Self-sustained process that enables continuous secretion of messengers by arrivals of
new mastocyte pools from nearby capillaries and regional mastocyte populations

Chemotaxis of circulating and tissular mastocytes

1 transmigration of circulating mastocytes
(across blood vessel walls, i.e., exit from
blood),

2 migration of loaded (granulated) mastocytes
across a region of low-amplitude mechanical
stress [threshold `]),

3 migration across a region of triggering
mechanical stress and unloading
(degranulation) [0—`].

Chemotaxis of circulating and tissular mastocytes

degranulated

mastocytes

granulated 

acupuncture   needle

skin surface

chemotaxis

circulating

nearby pools

microvessel

self−sustained process

mechanotransduction
subdomain

1 transmigration of circulating mastocytes
(across blood vessel walls, i.e., exit from blood)

2 migration of loaded (granulated) mastocytes across a region
of low-amplitude mechanical stress [threshold ℓ])

3 migration across a region of triggering mechanical stress and
unloading (degranulation) [close to needle: 0—ℓ]

Thiriet M Modeling & simulating acupuncture
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Acupuncture framework

Signal transmission

Adjoining and remote targets

Nerve terminals immediate triggering (O[1 s–1mn]) of fast, short-lived action
potentials, but sustained action due to cell recruitment,
hyperemia in a given local brain region (attractor for endocrine
messengers),
neurotransmission using endocannabinoids, antalgics, etc.

Capillaries increase in permeability (enhanced transport),
blood and lymph convection of endocrine messengers to the
brain,
delayed, slower, but sustained (because of cell recruitment),

Heart increase in blood flow rate.

Brain wanted afferent signaling.
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Summary

Model of the chemotactic response of mastocytes to a physical stress

Motivation : Creation of a biologically relevant mathematical acupuncture model.

1 Conception an acupuncture framework for mathematical modeling :
identification involved biological and physical processes,
selection of major involved biological, physical, and chemical variables.

Summary of events

generation of a local stress field

mechano-, thermo-, electro-, photo- transduction

Ca2+ entry via ion channels

granule exocytosis (substance release)

triggering of action potential (early, quick response)

chemotaxis (mastocytes from regional pools and blood)

degranulation of newly arrived mastocytes at acupoints (autosustained process)

local elevation of vascular permeability (enhanced endocrine signaling)

vasodilation with increased blood flow (cardiac effect)

delayed, permanent endocrine signaling to central nervous system (preferential distribution in
hyperemic region)

Yannick Deleuze UPMC - NTU
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Summary

Model of the chemotactic response of mastocytes to a physical stress

Motivation : Creation of a biologically relevant mathematical acupuncture model.

2 Conception of a mathematical model of the chemotactic response of mastocytes
to a physical stress

Hypothesis A self-sustained process is created via recruitment of the circulating
mastocytes and excitation of regional pools of mastocytes.

Method chemotaxis PDE model of the Keller-Segel type with a local forcing term,
release of chemoattractants, nerve messengers, and cardiovascular
stimulants by the mastocytes,
mathematical analysis of a reduced PDE model of the nonlinear
degenerate parabolic type,
model equations solved with the finite element method.

Results The numerical study infers the theoretical results and the observed blow-up
interpreted as a hyper reactivity at the acupoint where a large quantity of
mastocytes are present. Permanent signaling can be provided by chemotaxis
and continuous recruitment of mastocytes.
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Summary

Mechanobiological model of the stress field affecting the cell membrane

Motivation : Computation of the stress field affecting the cell membrane.

3 Conception of a biomechanical model of the interstitial fluid flow driven by a
needle motion (moving domain)

Hypothesis Mechanical stimuli sensed by cells is
local and acute at acupoint.

Method Convective incompressible Brinkman
equations solved with an arbitrary
Lagrangian–Eulerian (ALE) finite
element scheme.

Results Numerical prediction of fluid pressure
and shear stress field that can be
sensed by local pools of mastocytes.

Needle

Collagen fibers

Nerve

Blood 
vessel

Mastocyte 
recruitment

Stimulation
Epidermis

Dermis

Hypodermis
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Background and problem setting

Data & hypotheses

Relatively high density of resting mastocytes at acupoints;

2 mastocyte states according to localization w.r.t. acupoint: granulated and
degranulated;

Quasi-instantaneous release of chemical mediators upon stimulation
(mechanotransduction & calcium influx);

release of chemoattractants, nerve messengers, and endocrine messengers;

delayed regeneration of granules content,

negligible convection in the matrix

Yannick Deleuze UPMC - NTU
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Chemotactic model subject to an external force

Variables

For x ∈ Ω bounded and t ∈ R+ :

ng (t, x): density of granulated mastocytes

nd (t, x): density of degranulated mastocytes

c(t, x): concentration of chemoattractant

sn(t, x): concentration of nerve stimulant

se(t, x): concentration of endocrine stimulant

Yannick Deleuze UPMC - NTU
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Chemotactic model subject to an external force

Model (Deleuze, 2013; Thiriet, Deleuze, and Sheu, 2015)

∂ng

∂t
−Dm∇2ng +∇. (S ng∇c) = −AΦng + krnd , t > 0, x ∈ Ω

∂c

∂t
−Dc∇2c = κcAΦng − δcc,

∂nd

∂t
−Dm∇2nd = AΦng − krnd ,

∂sn

∂t
−Dn∇2sn = κnAΦng − δnsn,

∂se

∂t
−De∇2se = κeAΦng − δese .

(1)

Φ(x): magnitude of mechanical stress;

Dm/c/n/e : diffusivity (mastocyte/chemoattractant/nervous messenger/endocrine mediator) [L2T−1];

A: activation rate [T−1];

kr : regeneration rate of degranulated mastocytes [T−1];

S: mastocyte sensitivity to chemoattractant (index that measures chemoattractant power, i.e., migration

distance par unit concentration and unit time [L4mol−1T−1]);

κc,e,n : release quantity coefficient [mol];

δc,e,n : degradation rate [T−1].

Yannick Deleuze UPMC - NTU
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Chemotactic model subject to an external force

Physical stress Φ
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α = 2, β = 1
α = 1, β = 0.1

α = 1e5, β = 10

Φ is C∞ compactly supported function from
R2 to [0, 1]

Φ(x) ≤ 1, ∀x ∈ R2,

Φ(x) = 0, ∀x ∈ R2, |x | ≥ `.

` denote the subdomain close to the needle (|x | < `) where physical constraint
magnitude is high enough.
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Chemotactic model subject to an external force

Spatial distribution of the cell population (Perthame, 2007)

Definition : total number of cells

m0(t) :=

∫
R2

n(t, x)dx ;

Definition : second x moment

m2(t) :=

∫
R2

|x |2

2
n(t, x)dx .
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Chemotactic model subject to an external force

Blow-up condition in the case of a sole state for mastocytes

∂tn −∇2n +∇. (S n∇c) = −AΦn; (2)

−∇2c = κcAΦn; (3)

n|t=0 = n0 ≥ 0. (4)

t > 0; x ∈ R2.

Theorem (Deleuze, 2013)

In R2, let p > 1 and assume that n0 ∈ L1
+(R2, (1 + |x |2)dx).

If the initial total number of cells is small enough, there exists a solution to
(2)-(4) in Lp(R2, dx) for all times.

Let [0,T∗) be the maximal interval of existence. Then, if the initial number of
cells is large enough and the second momentum is small enough, the solution of
(2)-(4) blows-up as t → T∗.
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Chemotactic model subject to an external force

Interpretation from the mathematical analysis

Blow-up corresponds to the significant recruitment of mastocytes at the treated
acupoint. The theorem gives the conditions for the effectiveness of acupuncture :

the initial number of mastocytes is large enough and

the initial dispersion of the population of cells is small enough.

 0

 10

 20

 30

 40

 50

 60

 70

 80

-5 -4 -3 -2 -1  0  1  2  3  4  5

acupoint
non-acupoint
non-acupoint

Figure: Red : acupoint (m0(0) = 50, m2(0) = 11.12); green : non-acupoint (m0(0) = 50,
m2(0) = 165.19). Blue : non-acupoint ( m0(0) = 10 ).
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Acupuncture treatment efficiency

Acupoint vs non-acupoint
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Figure: Dynamics of the density of granulated mastocytes. (left) Acupoint : m0(0) = 50.00,
m2(0) = 11.12; (middle) Non-acupoints : m0(0) = 50.00, m2(0) = 165.19; (left) Non-Acupoint :
m0(0)0 = 10.00.
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Acupuncture treatment efficiency

Needling outside an acupoint

Th0.01_case_1_n0_0.1_s_0_adapt_1_err_0.001_hmin_0.01_hmax_1_N_120.msh
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Figure: Needling outside an acupoint. Mesh with refinements in the needle region (top left) and
mastocyte pool (bottom left). Absence of significant change in cell population distribution (top
right).
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Acupuncture treatment efficiency

Discussion

Results

Proposed model can help gain a better understanding of the role of chemotactic
recruitment of mastocytes in response to physical stimuli.

The mathematical analysis of a simplified model can a mechanism for blow-up in
the chemotactic mechanism during acupuncture.

Expected numerical blow-up solution (success of treatment) is obtained
depending on the initial mastocyte distribution (acupoint/non-acupoint), and on
the proper needle location.

Limitations

The blow-up solution is already a limitation of the proposed model that
corresponds to an over-simplification of the biology.

The lack of experimental data.
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Biological model

Subcutaneous loose connective tissue

ANRV317-BE09-08 ARI 7 June 2007 17:33

Figure 1
(a) Schematic of the interstitium showing major features and components of typical ECM.
Here collagen fibers are intertwined along with proteoglycans and interstitial cells.
(b) Proteoglycans (such as aggrecan and versican) are composed of a protein core and
glycosaminoglycans (GAGs) side chains, such as heparin, chondroitin sulfate, and heparan
sulfate, arrange like a bottle brush from the central protein core. The GAGs carry a negative
charge that resists compression and fluid flow and also bind a variety of cytokines. (c) Confocal
reflectance microscopy showing the actual fiber architecture of an in vitro fibrin gel. A 10 µm
bead is shown embedded in the center.
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[Alberts, B. Molecular biology of the cell, 2007]

Extracellular matrix : mesh-like medium (sparse collagen and elastic fibers
immersed in a gel of glycoproteins and proteoglycans) that can bear gelification
or fluidization,

The interstitial fluid (IF) (water + ions + small molecules = plasma - large
molecules : Stokes flow) interacts with the ground substance (expansion of a
dense network of proteoglycans due to water) to form a gel-like medium.
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Modeling the interstitial fluid

Computational domain
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Modeling the interstitial fluid

Computational domain
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Fig. 1. Main phospholipid structures

and it is tempting to model the membrane as a surface ! = ∂O and to define its
free energy as a function of its geometry. This point of view has been introduced by
Canham [4] and Helfrich [8]—see also the review paper by Seifert [17] for a
description of suchmodels and comparisons to experiments. Vesicle membranes do
not behave as other interfaces as their shapes are well described by the optimization
of a bending energy and not by surface-tension theories. In the seminal paper [8],
Helfrich considers an inextensional membrane represented by the surface! whose
elastic energy is given by the integral over! of a second order polynomial function
of its principal curvatures. This assumption includes the invariance of the stored
energy functionwith respect to rotations in the tangent plane to the surface!. Under
these conditions, he deduces the general form of the free energy of a membrane:

WHel(!) = κ1

!

!
|h − µ|2 + κ2

!

!
K + κ3H

2(!).

In this formula h denotes the scalar mean curvature of ! and K denotes its Gauss
curvature. These quantities are derived from the second fundamental form of !

which is defined as II = −∇!n where n is the outward unit normal to ! = ∂O .
With this notation, K := det II and h := Tr II = −∇! · n—notice that the sign of
the scalar mean curvature depends on the choice of the orientation on !. Thanks
to the Gauss-Bonnet formula, the second term in the definition of WHel(!) only
depends on the genus of ! and by assumption, the last term is a constant. Hence
as soon as we only care about energy fluctuations it is equivalent to consider the
energy

Wµ(!) =
!

!
|h − µ|2. (1.1)

The parameter µ ∈ R accounts for the spontaneous curvature of the membrane
which may arise for instance from differences between the properties of the envi-
ronment on both sides of the membrane. When µ = 0, the energy simplifies to the

Merlet, Benôıt. ”A Highly Anisotropic Nonlinear Elasticity Model for Vesicles” (2015)
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Modeling the interstitial fluid

Incompressible convective Brinkman model (Deleuze, Thiriet, and Sheu,
2015)

The extracellular and intracellular can be modeled by a incompressible viscous fluid in
porous medium and thus modeled by the incompressible convective Brinkman
equation.
The fluid-structure interaction problems investigated are solved with the finite element
method and the ALE approach. The membrane is considered as a viscoelastic
structure such that the evolution of its displacement d is given by

ρs
∂2 d

∂t2
− σ

∂2 d

∂x2
− K

∂2

∂x2

∂ d

∂t
=
∑
i

TFLi in Γ× (0,T ) (5)

The intra- and extracellular flow velocities and pressure are given by the convective
Brinkman equations stated as follows

1

αi

∂ui
∂t

+
1

αi
ui · ∇

(
ui
αi

)
−

1

Rei
∇2ui+

1

αi
∇(αipi )=

−1

DaiRei
ui in Ωi × (0,T ),

∇ · ui = 0 in Ωi × (0,T )

(6)

αi = fluid volume
total volume

: fluid volume fraction (effective porosity),
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Effect of needle motion on the interstitial flow

Simulated velocity and pressure profiles
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Figure: The lines in dots show the x-position of the needle. Re = 0.208, Da = 3.48 × 10−05,
αf = 0.6 (Swartz and Fleury, 2007).
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Constraints on a cell of the hypodermis

Simulated velocity and pressure profiles with an interstitial cell

2.666e-01
pressure

0.06

0.18

0.000e+00

0.12

0.24

Yannick Deleuze UPMC - NTU

Acupunture, Modeling, and Simulation



Context and modeling hypotheses Chemotactic response to a physical stress Interstitial fluid flow driven by a moving needle

Constraints on a cell of the hypodermis

Simulated mean shear stress on the cell surface
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Figure: The simulated mean shear stress τmean on the cell surface with respect to the distance d
measured from the needle. A higher shear stress is expected to be observed at a location close to
the needle.
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Discussion

Results

The proposed model for the interstitial flow is able to describe the shear stress
and pressure on a given cell.

High local fluid pressure and shear stress on cells are most likely to appear near
the needling region.

Limitations

The fractional fluid volume and Darcy permeability only describe the macroscopic
property of the fiber matrix.

The proposed method does not allow the rotation of the needle to be taken into
account.
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Acupuncture framework

1 Needle - mastocyte interaction (In progress)
needle implantation, generation of local stress field
interstitium considered as a porous medium
Flow/structure interaction (Brinkman model)

2 Ion channel gating (In progress)

Ca2+ entry
PNP - NS model

3 Mastocyte degranulation (In progress)
granule exocytosis
release of chemoattractants, nerve messengers, cardiovascular stimulants
flow-structure interaction (elasticity and NS equations)

4 Mastocyte recruitment (In progress)
chemotaxis (KS model)
forced local stress field
release of chemoattractants, nerve messengers, cardiovascular stimulants
interaction with interstitial fluid (coupled Stokes/KS model)

5 Signal transmission to brain (To be investigated)
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Thank you for your attention.

Yannick Deleuze

Veolia Recherche et Innovation
Département d’Innovation Numérique

Pôle Modélisation et Simulation

@thechicanosweb #ChaireMMB
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