
M

I
A
T
a

b

c

d

e

f

g

h

i

j

a

A
R
R
A

K
M
M
E
W
G

1

p
k
a
f
o
a
s
b
i
i
d
o
t
o

1
d

Medical Engineering & Physics 33 (2011) 840– 848

Contents lists available at ScienceDirect

Medical  Engineering  &  Physics

j o ur nal homep age : www.elsev ier .com/ locate /medengphy

ulti-scale  interaction  of  particulate  flow  and  the  artery  wall

.  Hallidaya,∗, M.  Athertonb, C.M.  Carea, M.W.  Collinsb,  D.  Evansc,  P.C.  Evansd, D.R.  Hosec,
.W.  Khirb,e, C.S.  Könige,  R.  Kramsf, P.V.  Lawfordc,  S.V.  Lishchuka,  G.  Pontrelli g, V.  Ridgerh,
.J.  Spencera,  Y.  Ventikos i,  D.C.  Walker j,  P.N.  Wattoni

Materials and Engineering Institute, Sheffield Hallam University, Pond Street, Sheffield, UK
School of Engineering and Design, Brunel University, Uxbridge, UK
Medical Physics Group, Department of Cardiovascular Science, University of Sheffield, Sheffield, UK
BHF Cardiovascular Sciences Unit, National Heart and Lung Institute, Imperial College, London, UK
Brunel Institute for Bioengineering, Brunel University, Uxbridge, UK
Department of Bioengineering, Imperial College London, London, UK
IAC-CNR Roma, Italy
Vascular Biology Group, Department of Cardiovascular Science, University of Sheffield, Sheffield, UK
Institute of Biomedical Engineering, Department of Engineering Science, University of Oxford, Oxford UK
Department of Computer Science, University of Sheffield, Sheffield, UK

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 26 April 2010
eceived in revised form 5 August 2010
ccepted 10 September 2010

a  b  s  t  r  a  c  t

We  discuss,  from  the  perspective  of  basic  science,  the  physical  and  biological  processes  which  underlie
atherosclerotic  (plaque)  initiation  at  the  vascular  endothelium,  identifying  the  widely  separated  spatial
and temporal  scales  which  participate.  We  draw  on  current,  related  models  of  vessel  wall  evolution,
paying  particular  attention  to  the  role  of  particulate  flow  (blood  is  not  a  continuum  fluid),  and  proceed
eywords:
ulti-scale
icrocirculation

ndothelium
all shear stress

to propose,  then  validate  all the key  components  in  a multiply-coupled,  multi-scale  modeling  strategy
(in qualitative  terms  only,  note).  Eventually,  this  strategy  should  lead  to  a  quantitative,  patient-specific
understanding  of  the  coupling  between  particulate  flow  and  the  endothelial  state.

© 2011 Published by Elsevier Ltd on behalf of IPEM.
lycocalyx

. Introduction

Atherosclerotic plaque rupture and vessel obstruction together
roduce the highest mortality in the western world. Although it is
nown to be lipid-driven, inflammation and blood flow have gener-
ted recent interest as alternative or complementary explanations
or the formation of atherosclerotic lesions (plaques) [1,2]. The role
f flow, long evident in the observation that plaques occur near
rterial side branches, bifurcations, or bends (where flow rates and
hear are low, disturbed or oscillatory) is coupled to other processes
y activation of the vascular endothelium, which when quiescent,

nhibits leukocyte adhesion, platelet aggregation and exhibits anti-
nflammatory, anti-proliferative and anti-oxidant characteristics. A
ysfunctional endothelium is a key mediator in the pathogenesis

f arterial disease [3,4]. In this capacity, the geometrical conforma-
ion of its constituent cells (see Section 2), which, in part defines
ur endothelial state, is a very significant factor.

∗ Corresponding author. Tel.: +44 0 114 2253045; fax: +44 0 114 2253045.
E-mail address: i.halliday@shu.ac.uk (I. Halliday).

350-4533/$ – see front matter ©  2011 Published by Elsevier Ltd on behalf of IPEM.
oi:10.1016/j.medengphy.2010.09.007
As this article proceeds, we  will seek to show that the physics
and biology of these mechanisms lies on disparate spatial and tem-
poral scales, which calls for a particular approach to the problem
of developing a quantitative model. Here, we  describe, and contex-
tualize our recent progress towards this end, namely a complex,
multi-scale, in silico model of plaque initiation founded in basic
science, paying particular attention to flow. Section 2 (and the
references therein) provides background to the biological and phys-
ical mechanisms, whilst emphasizing their spatial-temporal scales.
Sections 3 and 4 review issues around the coupling of scales in phys-
iological models and explain our multi-scale model, which seeks
self-consistently to couple the endothelium state with previously
unresolved flow modalities. In Section 5 we present, discuss and
contextualize our results and in Section 6 present our conclusions
and intentions for future work.

2. Background
The healthy arterial wall (Fig. 1) contains endothelial cells
(ECs), smooth muscle cells and fibroblasts. The vascular endothe-
lium, which regulates vascular inflammation, consists of an EC

dx.doi.org/10.1016/j.medengphy.2010.09.007
http://www.sciencedirect.com/science/journal/13504533
http://www.elsevier.com/locate/medengphy
mailto:i.halliday@shu.ac.uk
dx.doi.org/10.1016/j.medengphy.2010.09.007
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Fig. 1. Major components of a healthy artery showing the three wall layers (intim
onolayer on a collagen basement membrane. It serves to reg-
late the capture and subsequent infiltration of, among others,

nflammatory cells (e.g. leukocytes) into the underlying tissue.
ulti-scale, flow processes couple this function directly, via flow

Fig. 2. (a) The mechanical environment of the artery showing the distribution of w
dia and adventitia) and the distribution of endothelial and smooth muscle cells.
stresses, and indirectly, by chemical convection–diffusion, to
plaque formation. Flow is also known to affect endothelial expres-
sion of several adhesion proteins (which govern capture and rolling
of leukocytes on the endothelial surface—see below), it determines

all stresses. (b) The influence of shear stress on endothelial cell morphology.
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he distribution of leukocytes and erythrocytes within the lumen
margination) [5] and, crucially, wall shear stress (WSS) is known to
nfluence ECs’ morphology (with implications for leukocyte ingress,
t ECs’ exposed boundaries) as well as gene expression. In turn,
all topography must “two-way couple” to WSS. Phenomenologi-

ally, this coupling (of EC morphology with WSS) manifests itself in
ncreasing WSS  with changes in EC conformation [6]:  in vitro, ECs
longate, changing from a polygonal, ‘cobblestone’ morphology to
attened, elongated ovoids (Fig. 2a and b), the degree of elonga-
ion correlating with the magnitude of the shear stress [7–10]. Note
hat WSS  type, too, is relevant under oscillatory shear, cultured cells
etain a polygonal shape [8] and in vivo, ECs have been shown to
rientate to the predominant local flow direction [11], perpendicu-
ar to the direction of cyclic stretch [12,13]. Such observed behavior
hould, of course, emerge from a correct and self-consistent model
oupling the endothelial state with flow.

Before proceeding with a wider discussion of WSS  effects,
e briefly return to leukocyte attachment, modeled on rolling.
uring leukocyte attachment, similarly structured P- or L-type

electins (on leukocyte microvilli and ECs) mediate capture, in a
rocess which may  be modeled on the surface rolling of an incom-
ressible drop with regulated wetting [5,14].  Longer periods of
ndothelial stimulation increase adhesion factor density, increase
rotein–protein interaction and so slow rolling velocity, under the

nfluence of E-selectin [15], exposing a leukocyte to endothelial
hemoattractants, resulting in firm adhesion.

In normal human arteries, WSS  ranges between 10 and
0 dynes/cm2 (1–7 Pa). Ideally, ECs elongate and align with
ow, integrin distribution is reorganized, improving EC adhe-
ion, and anti-thrombic and vasoactive agents (nitric oxide (NO),
ndothelium-derived hyperpolarizing factor, prostacyclin and
ndothelin) are produced [16,17] to act on the vascular smooth
uscle cells, which regulate the diameter of the vessel and so con-

rol local blood flow rate [18]. Local regulation of vessel diameter
elps to maintain WSS  within the normal range. As we  have noted,
igher and lower values of WSS  and of oscillating shear index (OSI)
the latter measures oscillations in flow, and is related to the par-
icle residence times) are found at specific sites in the circulation,
ssociated with changes in geometry (e.g. an anastomosis, steno-
is or bifurcation), the lowest values occurring where flow becomes
nstable in separation or recirculation zones. Specific levels of WSS
re believed to result in increased levels of the biomarkers associ-
ted with inflammatory pathways.

NO is produced throughout the body but, in the vascular
ndothelium, its action is especially important, for there it pro-
uces flow dependent, vasodilatation, an anti-inflammatory effect

nhibiting leukocyte adhesion and NO produced in areas of high
SS  (>1.5 Pa) inhibits thrombus formation in areas of low WSS. So

t is that abnormal production of NO, in disease, adversely affects
lood flow and other vascular functions. For example, the isolated
ow inside an aneurysm is often dominated by low WSS. When the

atter is below 0.5 Pa, this produces a local environment of extreme
hrombus formation [19] and low WSS  at the aneurysm fundus can
rigger a biological response which initiates rupture and internal
aemorrhage [20] when high WSS  is present.

Historically, high WSS  is considered atheroprotective [21] and
ow WSS  is associated with atherogenesis [3].  Several studies sug-
est that oscillatory shear is also detrimental; e.g. Ku et al. [22],
orrelate atherosclerotic plaque location with areas of low and
scillating WSS  in the human carotid bifurcation. An additional
evel of complexity is demonstrated by the results of in vitro stud-
es indicating that ECs sense temporal and spatial gradients of
SS  [23–25].  Recent evidence suggests that WSS  also influences
laque composition. Vulnerable plaque has been associated with

ow WSS  in mice and pigs and high WSS  in rabbits and man. To
econcile these data, it has been suggested that low shear stress
 & Physics 33 (2011) 840– 848

induces endothelial dysfunction, while additional, high WSS  on this
dysfunctional endothelium is needed to convert a plaque to a vul-
nerable plaque [26,27].

In the substantial literature on the influence of WSS  on ECs,
most data have been obtained from in vitro experiment using rigid
flow chambers and well-characterized flows, when WSS  can be
calculated with a reasonable level of confidence. In vivo, the sit-
uation is more complex and the WSS  values estimated represent
a mean over a considerable area of the vessel wall and, hence, do
not describe individual cells. This approximation may be reason-
able, for there is evidence of significant interaction and intercellular
signaling between ECs [28], but the length-scale of any response
homogenization remains unclear. Additional questions arise when
one considers the micro-scale and then the mesoscale constitution
of blood, as follows.

Steady haemodynamic flow approximates the real experience
of ECs, which must view the flow of the blood as motion of a
high volume fraction particle suspension, comprised (at its sim-
plest, we stress), of erythrocytes and incompressible plasma. On
this view, necessarily unsteady stresses imparted, on the endothe-
lium, have contributions from fluid stresses and lubricated “particle
impacts” and true WSS  must have a spatial/temporal structure
which is entirely neglected by the continuum haemodynamic
approximation. The unstudied, statistical properties of such “real”
WSS  distributions will depend, inter alia, upon correlations with
the large-scale vessel geometry and the local micro-geometry (i.e.
the instantaneous conformation of ECs). They will also depend on
the microscopic surface structure of the erythrocytes as follows.

The flow boundary conditions which describe the layer of
fluid “sandwiched” between an advected erythrocyte and an EC
are not necessarily no-slip, Dirichlet conditions. Instead, Navier-
type conditions, which model the microscopic properties of the
membrane-bound macromolecular coating [29] found on the ECs’
luminal surface, the so-called glycocalyx, must be considered. Com-
prising sulphated proteoglycans, hyaluronan and glycoproteins,
the glycocalyx has a net negative charge and it binds blood-born
molecules such as plasma proteins, enzymes cytokines, water and
other molecules with cationic sites in a layer ∼500 nm thick [30].
Interestingly, the thickness of this layer is reduced at sites where
atherosclerosis is initiated and its influence on WSS  at the sub-
haemodynamic scale may  be very important.

In summary, the physics, biology and the scales of the cou-
pled processes outlined in this section urge a multi-scale approach
to a quantitative understanding of endothelial behavior, based on
interfacing a range of appropriately adapted, two-way coupled
computational strategies. We  will discuss our approach in Section
4: first we review that current work which provides its basis.

3. Coupling vessel evolution to flow

Xu and Collins [31] showed that, to be meaningful clinically,
traditional computational fluid dynamics (CFD) based upon dis-
cretization of the Navier-Stokes and continuity equations and
an appropriate constitutive equation for blood (approximated
as a continuum), should have the potential to address: [a] the
time-dependent pulsatility of blood flow, [b] the non-Newtonian
character of blood (i.e. the non-linear relationship between viscos-
ity and shear stress), [c] the 3D geometry of the arterial system,
and [d] its time-dependence, due to the distensibility of the arterial
wall. Several data sources are therefore essential to the develop-
ment of a closed computational model; a description of the flow

boundary conditions, a description of blood viscosity and appro-
priate sets of validation data, against which key features of the
model’s output might be tested. In vitro experiments by Moravec
and Liepsch [32] were used in this capacity [33], later in vivo
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ig. 3. Subject-specific CFD model of the abdominal aorta and the superior mesen
ip  of the outlet of the origin of the SMA  from the aorta corresponds with the norma

SS  at two locations on the vessel wall. One corresponds to an area of high OSI (to

anine bifurcation data [34] were added, before the model was
xtended to accept clinical Magnetic Resonance (MR) data for
nlet boundary conditions [35]. Finally, a number of alternative
uid–structure–interaction (FSI) models were successfully vali-
ated using Womersley’s data [36]. CFD codes have now been
ombined with solid mechanics codes to give fluid–structure inter-
ction (FSI) capability but, for cardiovascular vessels, there remains

 paucity of data on the constraints on vessel wall motion in vivo.
ne solution is to use time series image data to describe wall
otion. In a very recent study characterising the haemodynamics of

he human superior mesenteric artery (SMA), a fully transient, CFD
odel was constructed of a segment of the abdominal aorta and

MA. The geometry was based on dynamic MR  imaging data and
oundary conditions (flow) were determined from phase contrast
R velocity measurements [37]. The abdominal aorta was shown

o be a principal site for the development of atherosclerotic lesions
38] as are the immediate proximal (coeliac) and distal (renal)
ranches (see the @neurIST project (http://www.aneurist.org)).
he resulting OSI map  for the model is shown in Fig. 3a. OSI is,
n general, lower in the SMA  than in the aorta. The only area of high
SI in the SMA  is at the root of the vessel as it leaves the aorta. This
orrelates with clinical observations for atheroma. Fig. 3b illustrates
he time varying WSS  for two areas of the vessel wall exposed to a

igh or low level of OSI.

Tissue remodeling and endothelium signaling have been incor-
orated into coupled simulations. The evolution (inception, growth
nd rupture) of cerebral aneurysms provides an illustrative exam-
rtery (SMA). (a) OSI distribution. The region of high OSI (arrowed) at the proximal
ribution of atheroma reported for this artery. (b) Plots of the different time varying

 second to an area of low OSI (bottom).

ple of a class of models which have applications to disease
evolution, as well as to the evaluation of competing theories. The
first modeling stage is to estimate the haemodynamic loads (pres-
sure and WSS) acting on the aneurysm and parent artery, using a
finite volume CFD technique. The distribution of WSS  on the inner
surface of the aneurysm is computed and used to model a hypothet-
ical endothelial response which subsequently signals the smooth
muscle cells and fibroblasts and leads to a remodeling and growth
or atrophy of the elastin and collagen in the arterial wall. This results
in changes in the mechanical properties of the aneurysm and its
geometry adapts (to maintain mechanical equilibrium), a finite ele-
ment method being used to solve the updated deformation field. Of
course, a new geometry changes the haemodynamics and, hence,
the WSS  distribution, so an updated flow field is solved and the
process iterated, the computational cycle being repeated until the
aneurysm stabilizes in size, or until the loads imposed exceed the
load-bearing capacity of the wall, leading to rupture.

Such integrative models can be used to relate growth and
remodeling of the arterial wall to the haemodynamic stimuli act-
ing on ECs. For instance, the magnitude of the spatial WSS  gradient
(WSSG) has been proposed as one possible haemodynamic param-
eter which is correlated with regions of pathological remodeling
[39]. As an aneurysm adapts the WSSG spatial distribution (see

Fig. 4) acting on the endothelium will change substantially, the sub-
sequent effects on tissue remodeling being of critical importance.

In studies as the two  discussed above, the models’ uncertainties
are, ideally, removed by resolving the cellular-scale (with proper

http://www.aneurist.org/
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Fig. 4. Evolution of the wall shear stress spatial gradient [Pa/m] for an idealized aneurysm with a localized daughter bleb developing on the dome. Development of the
aneurysm is accompanied by an increase in the WSSG around its base: this may  have significant implications for the degenerative remodeling of the tissue in this region
a lop on
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nd  thus future growth of the aneurysm. At/t/ = 10, a daughter bleb begins to deve
he  daughter bleb (/t/ = 12). This may  result in further degeneration of the tissue in
econdary bleb.

ccount of the issues raised in Section 2). In the current context,
uch a step would require one to depict interactions between ECs
nd flow and demands explicit representation of blood cells and
lasma. CFD-based haemodynamics treats blood flow as a flow of
ontinuous fluid and the vascular endothelium as the relevant, geo-
etrically complex, velocity boundary condition. In reality, a local

ndothelial state emerges from encounters between individual (but
nteracting) ECs in a Newtonian plasma which advects discrete par-
icles, whose encounter with individual ECs is determined by local
eometry, flow rate and cell concentration.

. Multi-scale models of vessel evolution

Work such as that outlined in Section 3 couples independent,
ssentially macro-scale models to form a closed description. As
e have remarked, however, some situations require closure from

he cellular scale: put another way, some situations require the
imultaneous use of microscopic and mesoscopic models.

Investigations of the interaction of intravascular devices with
he arterial wall, specifically; the Intra Aortic Balloon Pump (IABP)
nd vascular stent demonstrate a need to address smaller scales
n general and the endothelium (and possibly the glycocalyx) in
articular. The IAB is used to support a failing heart and is usu-
lly inserted via the iliac artery and placed in the abdominal aorta.
he balloon is actively inflated (during early diastole) and deflated
during late diastole) every, every-other or every third cardiac
ycle, aiming to increase coronary flow and reduce left ventricu-
ar after-load. Inevitably, the balloon contacts the inner wall of the
orta, which could lead to balloon rupture, especially in atheroscle-
otic patients with plaques lining the inner wall of the aorta. As
he balloon approaches the endothelium during inflation, a vol-
me  of blood is displaced proximally and distally, generating as

et un-quantified WSS. When the balloon moves away from the
ndothelium during deflation, it will generate micro pressure dif-
erences which may  impose stretching (pulling) stresses on the
Cs. Very high spatial resolution is required fully to interpret these
 the aneurysm dome. It can be seen that an annulus of high WSSG forms around
region thus promoting the growth and enlargement (and possibly rupture) of the

effects at the cellular level. Such micro-scale information is also
important in evaluating the performance of vascular stents, which
very effectively dilate a stenosed artery to restore flow but at
the near-wall micro-scale, their constituent struts (side/diameter
∼100 �m)  apply stresses to the endothelium and glycocalyx, dis-
turbing local flow and causing further interaction with endothelial
topography, Noting the need for improved mechanical models
(based e.g. upon accurate constitutive laws) to account for tear,
macroscopic CFD model, like those of Radaelli et al. [40] capture key
details of flow but cannot resolve crucial cellular and sub-cellular
scales. The interaction of (portions of) a stent with individual blood
cells, ECs and the glycocalyx is too demanding a problem for con-
ventional CFD.

Arguments of self-consistency, alone, require any model which
resolves individual ECs also to resolve the cellular structure of
blood. Notwithstanding our comments in Section 2, on the unre-
liability, at the cellular micro-scale, of the concept of steady WSS,
the CFD analyses described in this section treat blood flow as flow
of a continuous fluid and represent the vascular endothelium as a
constant, locally smooth velocity boundary condition. We  therefore
summarize this section by repeating our core hypothesis. Obser-
vations urge that a self-consistent, quantitative understanding of
the relationship between atherosclerotic initiation and flow (more
specifically WSS) must encompass the discrete, cellular scale of ery-
throcytes and ECs, explicitly represent the continuum, Newtonian,
liquid (plasma) and, finally, refer to a model of the lubricating or
cushioning effect of the microscopic glycocalyx, to which structure
we shall shortly return.

5. Multi-scale, multi-physics modeling

We are not the first to appreciate that the enormous increases

in computing storage and power seen over the last decade
permit corresponding advances in the modeling of engineering
and physiological systems. Recently, the NanoInterface Consortium
has deployed coupled models ranging from molecular dynam-
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ig. 5. A scale Separation Map  (SSM) is a two dimensional map  with the horizonta
n  this map. Arrows indicate coupling between the single scale sub-systems.

cs, through medium-scale models (addressing roughness and
ller particles in polymers) to macro-scale models to predict de-

amination. The range of spatial scales is accompanied by a wide
ange of time scales (for molecular dynamics—picoseconds, for
olymer material behaviour—seconds to hours). The well-known
hysiome Project strikingly applies such an engineering multi-scale
pproach, combined with a multi-physics approach [41], to cardiac
odeling [42] in which the whole heart is resolved into ‘a hier-

rchy of simplified, smaller models capable of both ‘interaction
nd individual tuning’ [42], paving a way whole organ simula-
ions which run in real time (as opposed to current whole-cardiac

odels, which take computational hours for ‘seconds of real heart-
ime’). Multi-scale, multi-physics cardiac modeling has also been
ndertaken by Liu et al. [43] whose Fig. 1 elegantly describes the
arious levels of model, ranging from the 0.1 m organ scale, down to
he molecular 1 nm scales characterising ‘focal adhesion complex’.

Clearly, human physiological systems subsume molecular and
ellular, biological and physical spatial and temporal scales, cou-
ling the latter across orders of magnitude, necessitating a
ulti-scale approach.
For the interaction of explicitly resolved blood flow and the

essel wall, mediated by the vascular endothelium, an appropri-
te multi-scale modeling paradigm is effectively defined in the
cale separation map  (SSM) of Fig. 5. There, the system is resolved
nto a closed set of coupled, single-scale models, or sub-systems,
ach mapped according to its characteristic spatial and tempo-
al scales. Evans et al. [44] have shown how this analysis is
eveloped for in-stent restenosis, in the coronary artery (see also
ww.complex-automata.org [45]) and Liu et al. diagrammatically
epict, more qualitatively, key multiple-scale phenomena occur-
ing in the cardio-vascular system [46]. In fact, the SSM exemplar
f Fig. 5 is not, in practice, definitive. The placement of, and degree
f, resolution used in each sub-system reflects the extent of the
odeled domain and the availability of quantitative data; the need
o close the model requires one recursively to apply the multi-scale
pproach.

In Section 3 we have shown that the study of OSI (temporal vari-
tion in WSS, recall) has added to consistency of CFD predictions
ical) axis coding for temporal (spatial) scales. A subsystem occupies a certain area

with clinical data for atheroma in the abdominal aorta. In aneurysm
studies, WSSG is promulgated as a significant parameter for remod-
eling of the arterial wall. In other words the ‘research vector’ lies
in the direction of studying the length and time scale changes in
WSS. The same message may  be drawn from section 4, where unan-
swered questions about the IABP and stenting require the study of
smaller scales. This observation is confirmed by two recent in vivo
studies of WSS  by Reneman et al. [47] and Reneman and Hoeks [48],
and the in vivo review of Venneman et al. [49]. It is candidly admit-
ted that ultrasound and MRI  cannot measure velocities closer to the
wall than 250–300 and 1000–1200 micrometres, respectively [47],
which range fails to resolve the glycocalyx (with, recall, character-
istic thickness ≈100 nm). Ultrasonics, therefore, cannot answer a
fundamental question as to whether ECs are not seeing WSS’ [47]
or are ‘protected against high flow shear rates that may  rupture
the cells’ [49]. While CFD models can give good macroscopic com-
parisons with in vivo data (for example, 34) they are completely
unable to address these issues. It is not so much that they are
incorrect, as that they cannot (a) resolve these scales and (b) the
individual cells of both the blood itself and the EC morphology.
To achieve a fuller, self-consistent and properly founded under-
standing of atherosclerosis, these questions must be addressed.
It is, therefore, essential that a multi-scale model be founded,
insofar as flow is concerned, on a simulation technique which
is able efficiently to handle many advected Lagrangian particles
(erythrocytes), to accommodate geometrically complex boundary
conditions (see below) and multi-physical effects and to facilitate
multi-component flow extensions (to model multiple leukocytes
and their attachment). The overall demands of the problem suggest
a need for parallelizable algorithms. Lattice Boltzmann equation
[50] method (LBE) is a meso-scale technique, which is based on a
particle distribution function description, which answers all these
needs. In particular, when appropriately optimized, LBE has been
shown to be able to simulate Lagrangian particulate flow sys-

tems over a range of particle volume fractions, in geometries
of complexity comparable with that under consideration and on
widely available computational platforms [51,52].  Fig. 6 shows an
instantaneous WSS  distribution over the boundary of a rectangu-

http://www.complex-automata.org/
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Fig. 6. The fiction of steady WSS. The magnitude of instantaneous WSS  component, |� u|, measured in lattice units, plotted over the plane x–y boundary of a rectangular
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els (ABMs—see below), which may be readily two-way coupled to
flow, when the latter is computed using LBE, in order to animate the
endothelial surface (note, it is anticipated that the temporal scale

Fig. 7. Instantaneous WSS  distribution over the endothelial surface for a system
comprised of incompressible, Newtonian fluid and a single, advecting “erythro-
cyte” (modeled here an incompressible, immiscible drop with viscosity contrast
ross-section duct. This data corresponds to a flowing suspension of softened, rig
tate”  of continuum haemodynamics. Flow is induced by a pressure gradient in the x
mmediately above the boundary.

ar cross-section duct at Re = 10, obtained from a pressure-driven,
uspension flow of inelastic spherical “erythrocytes”, at hematocrit
oncentration (40%), in what would be, in the continuum haemody-
amic approximation, the steady state. Clearly, the instantaneous
patial distribution of the WSS  component �∂yux reflects the distri-
ution of Lagrangian particles immediately above the boundary. In
he data of Fig. 6, the micro-scale effect of the glycocalyx is modeled
rudely, simply by adding to the Lagrangian rigid spheres (each of
adius 6 simulation lattice units), and to the duct surface, a sur-
ace exclusion region, which has an effect analogous to that of a
ubrication force. It should be stressed that a more sophisticated,

eso-scale representation of glycocalyx effects would be incon-
istent with the simplicity of the smooth boundary representation
sed for Fig. 6, which clearly lacks any reference to the conforma-
ion of the EC layer.

The conformational morphology of the EC layer is, however,
ot beyond the scope of the coupled LBE models we advance
ere. Fig. 7 shows the instantaneous distribution of WSS  com-
onent �∂yux over a porcine endothelial surface (bottom surface

n figure), calculated for a system comprised of incompressible,
ewtonian fluid and a single, advecting “erythrocyte”, modeled

n the data of Fig. 7 as an incompressible, immiscible drop with
iscosity contrast and interfacial tension. Accordingly, the flow
ata are Re = 1.2, Weber number We  = 0.225 and capillary num-
er, Ca = 0.1875). In Fig. 7, flow is induced by a pressure gradient

n the x-direction but the velocity field is periodic in both the x
nd y directions [53]. The simulation is symmetric in the upper
lane z = constant, which corresponds to the equator of the drop,
nd the geometrically complex endothelial surface boundary, in
orm of a generalized shape [53,54] derived from an electron micro-
cope image of porcine endothelial coronary artery tissue [55], was
mplemented in out LBE model using a modified form of continuous
ounce-back boundary conditions. A region of reduced WSS  over
he endothelial surface is predicted (not postulated, note) beneath
he particle. Such a spatial-temporal WSS  fluctuation is, by defi-
ition; absent when blood is modeled as a continuum fluid—even

ere a perfect constitutive relation to be modified to account for

xample margination. It is straightforward and computationally
nexpensive (in term of both execution speed and memory) to intro-
uce multiple deformable particles, at hematocrit concentrations,
eres (see text) at normal haematocrit concentration (40%), Re = 10, at the “steady
tion. The complex WSS  distribution reflects the instantaneous positions of particles

and to couple species convection–diffusion into the LBE simulation
which generated the data of Fig. 7 [53].

However, to account for the conformational response of the
ECs to the WSS  distribution and, note, to possible particle impact,
requires rather more work. To capture this central aspect of the
physiological response we propose the use of agent based mod-
and interfacial tension) induced to flow by a pressure gradient in the x-direction.
The simulation is symmetric in the upper plane z = constant. The velocity field is
periodic in both the x and y directions. The flow data are Re = 1.2, Weber number
We  = 0.225 and capillary number, Ca = 0.1875 giving an interfacial tension (which
controls erythrocyte deformability) of 6.8 mN/m.
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f this process is long, compared with that of the fluctuations in the
ow modes).

ABMs have been successfully applied to problems similar to that
iscussed here, which are defined in Fig. 5 [56,57]. (Strictly, Fig. 5
efers to a complex cellular automata (CA) model, in which each
omponent is a CA: then the ABM is a single component represent-
ng smooth muscle cell migration and proliferation.) A software
gent is an intuitive computational representation of a real world
ntity applicable to any system where emergent behavior results
rom complex interactions between many individuals. Vascular
ndothelial behavior is an emergent property of the responses and
nteractions of individual ECs, individually represented by sim-
le logical rule sets which determine the responses of individual
oftware agents to biological and physical stimuli alike. Applying
BMs to endothelial tissue resolves the heterogeneity of individ-
al ECs—each EC is permitted to react differently, depending on its
ene/protein expression and differences in the local flow field. Sub-
odels of signaling processes, coupled to flow, extend the logical

ule sets, adding further scales and complexity.
It is appropriate to conclude this section by highlighting

ne final advantage of our multi-scale methodology. Micro-scale
xperimental data which certainly subject to error but which
s unambiguous in its meaning defines the meso-scale model’s
mergent rheology. Put another way, dynamic and stationary visco-
lastic properties of healthy and diseased RBCs have now been
easured using a range of techniques, including laser diffractom-

try, atomic force microscopy and microfluidic devices: this body
f basic science data may  be used to control RBC membrane prop-
rties, removing (validations notwithstanding) the need for a good
eal of empiricism in calibrating the resulting models.

. Conclusion

Currently, complex simulation chains which facilitate com-
utational fluid dynamics analyses of models, developed from
atient-specific geometries, are capable of providing information
hich, because of the limitations of current investigative tech-
iques (in terms of resolution or the need for direct visualization,
y microscopic imaging of fluorescent particles, for example), is
ot available from clinical studies or experiment. The ultimate aim

s to produce systems which couple haemodynamics with models
f biological phenomena, at multiple scales, to test hypotheses or
redict disease/intervention outcomes; the potential power of such
odels is now recognized.
We have argued that a closed multi-scale model of atheroscle-

otic initiation should capture interactions between representative
umbers of explicitly modeled (in the first instance), endothelial
ells, Newtonian plasma and the glycocalyx. The spatial and tem-
oral fluctuations apparent in Figs. 6 and 7 help to identify the

ongest wavelength of course-graining implicit in the continuum
aemodynamic approximation and indicated the need, certainly in
ur applications, explicitly to resolve spatial and temporal fluctu-
tions of wall shear stress. Fig. 6 also demonstrates that the lattice
oltzmann equation method can provide such data.

We have pointed-out that, to complete such a multi-scale model
f atherosclerotic initiation, there is a need to model ingress of
uch atherosclerotic precursors such as leukocytes, which occurs
t exposed endothelial cell boundaries. Implicitly, it is therefore
ecessary to impose geometrically complex, Dirichlet, boundary
onditions, corresponding to the conformation of endothelial cells.
he evolution of this boundary, we have argued is governed by wall

hear stress and species mass transport (convection–diffusion),
n coupled processes centred-on meso-scales. While this paper
ocuses on the role of fluid, it is well recognized, as we have repeat-
dly stressed, that arterial regulation itself involves inter alia the

[

[

 & Physics 33 (2011) 840– 848 847

endothelial cell, wall mechanics and nitrous oxide behaviour. In
fact an engineering-style control loop has been proposed ([58],
updated as [59]) for the overall local regulation process. This evolu-
tion of the endothelial state can feasibly be represented by coupled
agent-based models, predicated on the micro-scale. But micro-
scale information must also be coupled-into the model.

Progress of our model depends on course-grain molecular
dynamic studies of effects emergent at the cellular or mesoscale,
of the cellular glycocalyx layer. It is currently impossible to resolve
cellular-scale flow modalities and (albeit course-grained) molec-
ular scales with one technique. One means of representing the
influence of the glycocalyx, is by modeling data from micro-scale
studies, to find an effective slip boundary condition, after e.g. Ref.
[14].

Several exciting initiatives are poised to accelerate progress and
uptake of multi-scale modeling. The rationale of the international
Physiome Project describes the need for multi-scale modeling in
almost exactly the same terms as we  have used. ‘Developing mod-
els of physiological processes that encompass both multiple physics
. . ..  and multi-scale aspects is very difficult and has been achieved
in few cases.’ However, the framework is being developed [41]. Our
aspirations in the work reported here are coincident.

In closing, it is worth remarking that, in recognising the poten-
tial of computationally based tools for the simulation of human
physiology and disease-related processes, the European Union
is currently funding collaborative projects directed towards the
development of patient-specific computer models for personalised
and predictive healthcare, under the banner of the Virtual Physio-
logical Human [60].
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