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Abstract Atherosclerosis is the underlying cause of most
heart attacks and strokes. It is thereby the leading cause
of death in the Western world, and it places a significant
financial burden on health care systems. There is evidence
that complex, multi-scale arterial mass transport processes
play a key role in the development of atherosclerosis. Such
processes can be controlled both by blood flow patterns and
by properties of the arterial wall. This short review focuses
on one vascular-scale, flow-regulated arterial mass transport
process, namely concentration polarization of low density
lipoprotein at the luminal surface of the arterial endothelium,
and on one cellular-scale, structural determinant of arterial
wall mass transport, namely the endothelial glycocalyx layer.
Both have attracted significant attention in recent years. In
addition to reviewing and appraising relevant literature, we
propose various directions for future work.
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1 Introduction

1.1 Atherosclerosis

Atherosclerosis is characterized by the formation of lipid-
rich lesions within the walls of large- and medium-sized
systemic arteries. The disease is associated with many risk
factors, the main ones including:

• High plasma concentrations of low density lipoprotein
(LDL)
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• Low plasma concentrations of high density lipoprotein
(HDL)

• High blood pressure
• Diabetes
• Smoking
• Gender (being male)
• Genetic predisposition
• Stress
• Lack of exercise
• Age

The processes thought to trigger development of early
atherosclerotic lesions can be summarized as follows
(Schwartz et al. 1993; Berliner et al. 1995):

• Low density lipoprotein, which is the primary transporter
of cholesterol within the blood, traverses the endothelium
and accumulates in the intima of the arterial wall. Some
of this LDL becomes modified (oxidized, for example),
triggering the recruitment of monocytes into the wall

• The monocytes differentiate into macrophages which fur-
ther modify and ingest the accumulated LDL, creating
lipid-rich foam cells, so-called because the fat droplets
within them lead to a foamy appearance under the micro-
scope

• High density lipoprotein that enters the arterial wall can
remove accumulated lipids from foam cells

• If lipid influx into the arterial wall is consistently greater
than lipid efflux, then the number of foam cells will con-
tinue to increase

• Accumulation of lipid-rich foam cells leads to the develop-
ment of early-stage atherosclerotic lesions known as fatty
streaks

After a prolonged period of growth (also involving other
processes such as smooth muscle cell proliferation, the depo-
sition of fibrous proteins, remodeling, and complex inflam-
matory responses), such lesions may cause a significant
stenosis, reducing blood flow rates and leading to ischemic
symptoms (such as angina, when coronary artery stenoses
restrict blood flow to the heart).

Atherosclerotic lesions, particularly those with a lipid-rich
core and a thin fibrous cap, may also become unstable and
prone to rupture. When a rupture occurs, blood comes into
contact with thrombogenic material from the lesion or wall,
and a clot will form. Clots may cause sudden and complete
arterial occlusion at the site of rupture or may embolize and
block vessels further downstream. Two well-known conse-
quences of such occlusion are heart attacks (caused by occlu-
sion of a coronary artery) and strokes (caused by occlusion
of an artery that supplies the brain).

Atherosclerosis is prevalent in Western societies and has
an increasing incidence in developing countries. According

to the World Health Organization (WHO), cardiovascular
disease, and in particular atherosclerosis, is now the lead-
ing cause of death globally each year (Mackay and Men-
sah 2004). Furthermore, the WHO predict that atherosclero-
sis will become the single most burdensome disease on the
health systems of the world by 2020 (Faergeman 2003).

A notable feature of atherosclerosis is its propensity to
develop non-uniformly in the vasculature, with variations
most conspicuous in regions of arterial branching and high
curvature. Since such regions are associated with com-
plex blood flow patterns, it has been postulated that blood
flow may play an important role in regulating atherogenesis
(Woolf 1990; Hahn and Schwartz 2009). Indeed, correlations
between blood flow patterns and sites of arterial disease have
been suggested for over a century. One of the earliest pro-
ponents was Rindfleisch, who stated in 1872 that atheroscle-
rotic lesions form in locations ‘exposed to the full stress and
impact of the blood’ (Rindfleisch 1872).

Subsequently, a variety of mechanisms to explain corre-
lations between flow and disease have been proposed. One
view propounded during the 1960s was that flow-induced
wall damage rendered particular regions of the vasculature
more permeable to atherogenic species such as LDL and
thus more susceptible to atherosclerosis (Scharfstein et al.
1963); this led to the supposition that regions exposed to high
levels of hemodynamic wall shear stress were predisposed
to developing atherosclerosis (Fry 1968). In the late 1960s
and early 1970s, however, two papers by Caro et al. (1969,
1971) suggested that regions of arterial disease collocated
with areas exposed to low levels of wall shear stress. Caro
et al. also proposed a mechanism by which such colocation
could occur. This mechanism relied on the shear-modulated
efflux of species from the arterial wall into the lumen.

The low shear hypothesis of Caro et al. became widely
accepted and remains so today (although the original mecha-
nism proposed by Caro et al. to cause such collocation is now
considered unfeasible). In recent decades, however, it has
become increasingly evident that a direct correlation between
disease patterns and wall shear stress magnitude alone may
be too simplistic. A range of more complex relationships
have been suggested, with a tentative consensus now devel-
oping that a combination of low and temporally oscillating
wall shear stress predisposes regions of arteries to disease
(Ku et al. 1985; Shaaban and Duerinckx 2000; Cheng et al.
2004).

1.2 Atherosclerosis and arterial mass transport

There is evidence that complex, multi-scale arterial mass
transport processes involving various species play a key
role in the development of atherosclerosis and its regulation
by blood flow (see Table 1 for an overview of the scales
involved). Important species include LDL, HDL, oxygen
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Table 1 Approximate spatial scales of various entities involved in
atherosclerotically relevant mass transfer processes

Entity Length scale (m)

O2, NO, ATP, ADP ∼10−10–10−9

HDL ∼10−9

Intercellular cleft (width) ∼10−8

LDL ∼10−8

Glycocalyx (thickness) ∼ 10−7–10−6

Erythrocyte ∼10−6

Monocyte ∼10−5

Endothelial cell ∼10−5

Artery (diameter) ∼10−4–10−2

Artery (length) ∼10−3–10−1

(O2), nitric oxide (NO), adenosine triphosphate (ATP), and
adenosine diphosphate (ADP).

Of these species, LDL has attracted the greatest attention
since, as noted above, it is thought to be the primary source
of lipid in atherosclerotic lesions. Alternative theories—that
lipid in lesions is synthesized by the arterial wall or that
it derives from the membranes of red blood cells—do not
explain why the concentration of LDL in plasma correlates
strongly with the risk of developing coronary heart disease
or cerebrovascular disease (both of which are caused by
atherosclerotic lesions). Nor do they explain why lower-
ing plasma LDL concentration with statins reduces the inci-
dence of atherosclerosis, or why lipid-rich lesions resembling
atherosclerosis develop in animals after raising their plasma
LDL concentrations by dietary or genetic means.

The other species listed above have been studied in less
detail. However, they are also likely to play important roles.
HDL is thought to be responsible for transport of lipids out of
atherosclerotic lesions. This view is consistent with observa-
tions that plasma concentrations of HDL are inversely asso-
ciated with the incidence of atherosclerosis (Rader 2003) and
that over-expression of HDL in transgenic animals reduces
the prevalence of experimental atherosclerosis (Valenta et al.
2006). The importance of O2 transport from the lumen to
the arterial wall is implied by the suggestion that hypoxic
conditions in the arterial wall trigger atherosclerosis (Adams
1973; Jellinek 1983) and by the fact that the arterial media is
a particularly avascular tissue [up to 29 lamellae can develop
before it is penetrated by vasa vasorum from the adventitia
(Wolinsky and Glagov 1967)]. NO is a signaling molecule
that has multiple putatively atheroprotective effects, includ-
ing suppression of inflammation, reduction of LDL oxida-
tion, and prevention of platelet aggregation and monocyte
infiltration; a deficiency in the NO pathway is a strong risk
factor for coronary heart disease (Napoli et al. 2006). ATP
and ADP are implicated in the development of atherosclero-

sis through their influence on calcium concentrations within,
and NO production by, endothelial cells (John and Barakat
2001; Choi et al. 2007; Choi and Barakat 2009).

A review of arterial mass transport in general (with a par-
ticular focus on its relation to localization of atherosclerosis)
is given by Tarbell (2003), and a review of computational
modeling techniques applied to arterial mass transport is
given by Ethier (2002). The objective of this paper is to review
one particular vascular-scale, flow-regulated mass transport
process, namely the formation of an LDL concentration
polarization layer at the luminal surface of the arterial wall,
as well as one particular cellular-scale determinant of arte-
rial wall mass transport properties, namely the endothelial
glycocalyx layer (EGL). The formation of an LDL concen-
tration polarization layer and effects of the EGL on transport
are both likely to play a key role in atherogenesis.

2 Flow-dependent concentration polarization of low
density lipoprotein in arteries

2.1 Overview

Consider fluid containing a dissolved solute flowing through
a membrane. If the membrane offers a higher resistance
to the solute than to the fluid, then solute will be rejected
by the membrane and accumulate on its upstream surface.
The elevation of solute concentration above that in the bulk
flow causes solute to diffuse back away from the membrane.
A steady-state solute distribution is reached when solute con-
vection toward the membrane balances solute diffusion away
from the membrane and solute transport across it. At this
steady state, the solute concentration near the membrane
remains higher than in the bulk solution. It is this solute accu-
mulation which is termed concentration polarization and the
layer of rejected solute a concentration polarization layer (see
Fig. 1).

The phenomenon of concentration polarization is well
known within various fields of science and engineering, in
particular those involving filtration processes. LDL concen-
tration polarization is thought to occur in arteries because of
an imbalance between the measured velocity of the water that
flows radially outwards from the lumen, through the arterial
wall [∼ 4 × 10−2 µ ms−1 (Tedgui and Lever 1984)], and
the measured mass transport coefficient for LDL through the
endothelium [∼ 2 × 10−4 µ ms−1 (Bratzler et al. 1977)].
Because convection of LDL toward the luminal surface of
the endothelium is far greater than the rate of transendothe-
lial LDL transport, an LDL-rich concentration polarization
layer will form adjacent to the endothelial surface.

Consider the formation of an LDL concentration polariza-
tion layer near an arbitrary point of interest adjacent to the
luminal surface of the arterial endothelium. Further, consider
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Fig. 1 Diagram illustrating
how concentration polarization
of a dissolved solute can occur
adjacent to a membrane from
which the solute is fully or
partially rejected. A steady state
is reached when convection
toward the membrane (solid
arrow) balances diffusion away
from the membrane (checkered
arrow) and transport across the
membrane (striped arrow)

Solute

Membrane

Diffusion

Convection

Transport Across Membrane

Concentration 
Polarisation 

Layer

Fluid

defining a wall normal coordinate y at this point of inter-
est (see Fig. 2), where y = 0 coincides with the luminal
surface of the arterial endothelium. As already noted, LDL
transport through the endothelium is two orders of magni-
tude slower than the transmural water flux which draws LDL
from the lumen toward the endothelial surface. Consequently,
when modeling LDL transport above the endothelium, one
can assume LDL is completely rejected at y = 0. Hence,
in steady state, lumen side convection and diffusion must
balance at y = 0. If in addition one assumes that the concen-
tration polarization layer can be modeled locally as a stagnant
film (Zeman and Zydney 1996; Zydney 1997), then convec-
tion and diffusion must balance along the entire y coordi-
nate within the concentration polarization layer. Hence, the
y-dependent LDL distribution C = C(y) within the concen-
tration polarization layer at the point of interest is a solution
of

DL
∂C

∂y
= −V C, (2.1)

where DL is the diffusivity of LDL in the lumen and V is the
magnitude of the transmural flux velocity (assumed to be in
the negative y direction, toward the endothelial surface).

A single boundary condition is required to solve Eq. (2.1).
To obtain such a condition, it is assumed that the concentra-
tion polarization layer has a finite thickness ζ near the point
of interest (see Fig. 2). If LDL concentration in the bulk flow
is denoted CB , then the above assumption requires that

C(ζ ) = CB . (2.2)

Solving Eq. (2.1) subject to the boundary condition
defined by Eq. (2.2) results in the following expression for
C within the concentration polarization layer (i.e. within the
region 0 < y < ζ ) at the point of interest

C = CE e−V y/DL , (2.3)

Lumen

C

y

y

0

Lumen
CE

CB
Artery

Fig. 2 Schematic illustration of LDL concentration polarization adja-
cent to the luminal surface of the arterial endothelium. It is assumed that
LDL is rejected from the luminal surface of the endothelium at y = 0
and that the LDL concentration polarization layer has a flow-dependent
thickness ζ

where

CE = CBe(V ζ/DL ) (2.4)

is the resulting LDL concentration adjacent the luminal sur-
face of the endothelium at the point of interest.

It is clear that CE ≥ CB—that is concentration polar-
ization occurs and LDL concentration adjacent to the lumi-
nal surface of the endothelium is enhanced relative to LDL
concentration in the bulk flow. It is also clear that CE will
depend on both the thickness ζ of the concentration polar-
ization layer and the magnitude V of the transmural flux
velocity. ζ will depend on the extent to which the concentra-
tion polarization layer has been able to evolve in the wall-
parallel direction, which will in turn depend on the local
blood flow patterns and in particular the local wall shear
stress. V will depend in part on the hydraulic permeability
of the endothelium, which has been shown to depend on the
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magnitude (Tarbell 2010) and/or direction (Adamson et al.
2013) of the local wall shear stress via a mechanochemical
transduction mechanism. Blood flow patterns, and in partic-
ular wall shear stress, are therefore likely to play an impor-
tant role in determining the degree of LDL concentration
polarization and hence the degree of endothelial exposure to
LDL.

Note that such flow-dependent exposure of the endothe-
lium to LDL is not predicted by Tarbell (2003) or Tarbell and
Qiu (2000), who characterize LDL transport from the lumen
to the arterial wall as ‘wall-limited’, independent of blood
flow patterns; a detailed explanation of this discrepancy is
given by Vincent (2009).

2.2 Experimental studies

Deng et al. (1995) studied transport of labeled cholesterol in
perfused, excised canine carotid arteries. They found that
increased perfusion pressures led to increased transmural
flux velocities and increased uptake of labeled cholesterol
by the arterial wall. This increase in uptake was attributed
to an increase in cholesterol concentration polarization adja-
cent to the luminal surface of the endothelium. However, no
direct measurements of cholesterol concentration near the
luminal surface of the endothelium were made, so the results
must be interpreted carefully; several other interpretations
are possible.

Wang et al. (2003) directly measured the concentration
polarization of albumin in perfused, excised canine carotid
arteries using a micro-syringe and sampling needle. As the
transmural water flux velocity was increased, and as the wall
shear rate was decreased, the degree of concentration polar-
ization increased. Under certain conditions, albumin con-
centration at the luminal surface of the endothelium was
found to be 65 % greater than albumin concentration in the
bulk flow. Subsequently, Zhang et al. (2007) used similar
techniques to measure concentration polarization of albumin
downstream of artificial stenoses formed in perfused, excised
canine carotid arteries. The presumably disturbed and recir-
culating flow downstream of the stenoses increased the con-
centration polarization relative to that seen in the regions of
undisturbed flow. Under certain conditions, albumin concen-
tration at the luminal surface of the endothelium downstream
of a stenosis was found to be 77 % greater than in the bulk
flow, whereas away from the stenosis, the surface concen-
tration of albumin was 52 % greater than in the bulk flow. In
both studies (Wang et al. 2003; Zhang et al. 2007), the degree
of concentration polarization was significantly greater than
expected for a small macromolecule like albumin, particu-
larly considering the 280µm diameter of even the smallest
sampling needle (and hence the relatively thick layer of per-
fusate that will have been sampled). It is telling that the exper-
imental results of Wang et al. (2003) were matched by accom-

panying theoretical models that used an albumin diffusivity
of 8.7µm2 s−1, which is approximately three times smaller
than the measured diffusivity of albumin under similar condi-
tions (Wakeman et al. 1976). We speculate that the sampling
needle, which was placed in contact with the wall, damaged
the endothelium, leading to a locally enhanced transmural
water flux and, hence, a locally enhanced near-wall albu-
min concentration. Nevertheless, the experimental concept
is ingenious and worthy of further development.

Ding et al. (2009) measured LDL concentration polariza-
tion above co-cultured endothelial and smooth muscle cells
exposed to uniform flow in a parallel plate flow chamber.
As concentration polarization increased, so too did the rate
of LDL uptake by the cells. In the same year, Meng et al.
(2009) cultured endothelial cells on the inner surface of a
semi-permeable, anatomically realistic, plastic model of a
carotid artery bifurcation. The cultured endothelium was pre-
sumed to be exposed to physiologically realistic flow pat-
terns (induced by the geometry itself), and concentration
polarization of HDL was measured at the endothelial sur-
face. At certain locations, and under certain conditions, HDL
concentration at the endothelial surface was measured to be
46 % greater than in the bulk flow. These results are intrigu-
ing. However, they should be interpreted carefully; not only
because they employed the syringe/needle microaspiration
technique discussed above, but also because transport proper-
ties of cultured endothelium currently do not replicate trans-
port properties of normal intact endothelium in vivo. Specif-
ically, much evidence suggests that the hydraulic permeabil-
ity of cultured endothelium is ∼10 times greater than that
of endothelium in vivo (Suttorp et al. 1988; Luckett et al.
1989; Turner 1992) [although in some studies the discrep-
ancies are smaller (Dull et al. 1991; Chang et al. 2000)].
Also, the permeability of cultured endothelium to macro-
molecules is typically ∼10–100 times greater in vitro than in
vivo (Albelda et al. 1988). Such discrepancies in the per-
meability to water and macromolecules may have a sig-
nificant impact on the degree of concentration polarization
above cultured endothelial cells relative to the situation in
vivo.

More recently, Wei et al. (2012) used confocal microscopy
to assess concentration polarization of labeled LDL in per-
fused, excised rabbit common carotid arteries with an arti-
ficial stenosis. Measurements were made possible by dehy-
drating the vessel and treating it with methyl salicylate to
render it transparent. As in previous studies, significant con-
centration polarization was observed distal to the stenosis.
Specifically, under certain conditions, the concentration of
labeled LDL at the luminal surface of the endothelium down-
stream of the stenosis was found to be 47 % greater than in the
bulk flow. This study avoids issues with the syringe/needle
microaspiration technique and the permeability of cultured
endothelium. However, the endothelium is a fragile organ,
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and it is inconceivable that its transport properties would not
be drastically affected by the techniques required to make it
transparent. Consequently, once again, results of the study
should be interpreted carefully.

2.3 Theoretical studies

Fatouraee et al. (1998) undertook time-dependent (pulsatile)
simulations of LDL concentration polarization in straight
arteries (essentially straight cylindrical pipes). They pre-
dicted a 4–15 % time-averaged increase in LDL concentra-
tion adjacent to the endothelium, relative to LDL concentra-
tion in the bulk flow. Both increasing the transmural flux
velocity and decreasing the wall shear rate increased the
degree of concentration polarization. In the following year,
Wada and Karino (1999) undertook similar steady-state stud-
ies and obtained similar results.

As a follow-up to these studies in simple straight pipes,
Wada and Karino (2002) undertook steady-state simulations
of LDL concentration polarization in an idealized arterial
geometry with multiple bends. Flow-dependent LDL con-
centration polarization occurred at the luminal surface of the
endothelium. It was greatest downstream of the inner curva-
ture of each bend, in regions associated with re-circulating
flow and low wall shear stress. More specifically, under phys-
iologically realistic conditions, LDL concentration in these
regions was up to 31.5 % greater than in the bulk flow. It
was also found that increasing the transmural flux velocity
and decreasing LDL diffusivity acted to increase the degree
of concentration polarization. Also, Wada et al. (2002) con-
ducted steady-state simulations of LDL concentration polar-
ization in the vicinity of a small stenosis. Concentration
polarization was enhanced downstream of the stenosis, again
in regions associated with re-circulating flow, and low wall
shear stress. Under physiologically realistic conditions, LDL
concentration at the wall in these regions was up to 20 %
greater than in the bulk flow.

More recently, Liu et al. (2009) performed steady-state
simulations of LDL concentration polarization in the human
aortic arch and descending thoracic aorta. Their results sug-
gested that helical swirling flow in the ascending aorta and
aortic arch suppressed LDL concentration polarization in
these regions. Also, Lantz and Karlsson (2012) performed
time-dependent simulations of LDL concentration polar-
ization in the human aortic arch and descending thoracic
aorta. The velocity field for their study was obtained using
a Large Eddy Simulation approach, with patient-specific
inflow boundary conditions. They found high levels of LDL
concentration polarization were associated with regions of
low wall shear stress.

Taken together, results from the vascular-scale studies
detailed above suggest the degree of LDL concentration
polarization depends upon the transmural water flux veloc-

ity, the diffusivity of LDL in blood, and local blood flow
patterns (in particular the local wall shear stress). Specifi-
cally, increasing the transmural water flux velocity, lowering
LDL diffusivity, and decreasing the local wall shear stress all
appear to increase the degree of LDL concentration polariza-
tion. Such findings are in line with the simple 1D analysis
presented in Sect. 2.1.

Various authors have also undertaken cellular-scale simu-
lations of LDL concentration polarization in arteries. Studies
include those of Wada and Karino (2002) and Vincent et al.
(2009), both of which investigated the effect of a spatially het-
erogeneous transmural water flux, channeled through inter-
cellular clefts only. Also, Vincent et al. (2010) and Liu et al.
(2011) recently investigated the affect of the EGL on LDL
concentration polarization. These latter studies are discussed
further in Sect. 3.3.2.

2.4 Implications for atherosclerosis

The experimental and theoretical studies cited above suggest
that a substantial LDL concentration polarization layer forms
within arteries; the studies also suggest that LDL concentra-
tion polarization will be greatest in regions of re-circulating
flow, characterized by low wall shear stress. Furthermore, the
recent study of Ding et al. (2009) suggests that the degree
of LDL concentration polarization determines the rate of
transendothelial LDL transport and hence the likelihood of
atherosclerosis occurring. Consequently, existence of flow-
dependent LDL concentration polarization provides a plau-
sible explanation for the observed flow-dependent, spatially
non-uniform onset of atherosclerosis. However, further stud-
ies are required to ascertain whether this mechanism plays a
significant role in practice.

2.5 Future studies

2.5.1 Future experimental studies

Future experimental studies should aim to refine the inge-
nious micro-syringe measurement technique pioneered by
Wang et al. (2003). Nanotechnology has advanced dramat-
ically since 2003, and it may now be feasible to sample a
thinner layer of perfusate while avoiding contact with the
endothelial surface. The confocal microscopy techniques
recently employed by Wei et al. (2012) should also be devel-
oped further. We suggest that thin-walled vessels should be
used in conjunction with two-photon confocal microscopy
(which allows greater penetration than conventional confo-
cal methods). This might allow measurement of the concen-
tration of labeled LDL in near-wall perfusate from outside
the vessel, without the need for chemical treatments to make
the wall transparent.
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2.5.2 Future theoretical studies

Low density lipoprotein concentration polarization layers are
likely to be of order 10–100µm thick. Consequently, cellular-
scale properties of blood and the vessel wall may affect their
formation. Theoretical studies have already investigated the
effects of a spatially heterogeneous transmural water flux,
channeled through intercellular clefts only (Wada and Karino
2002; Vincent et al. 2009), and of the EGL (Vincent et al.
2010; Liu et al. 2011) on LDL concentration polarization.
Future studies should continue in this direction. In particu-
lar, they should ascertain whether the discrete nature of red
blood cells and the existence of a cell-free layer adjacent
to the endothelium have an impact on LDL concentration
polarization.

3 Mass transport in the endothelial glycocalyx layer

3.1 Overview

Attached to the luminal surface of vascular endothelial cells,
and likely covering (and entering) the intercellular clefts,
is a negatively charged structure known as the endothelial
glycocalyx layer (EGL). Details of its structure and function
have been reviewed by Pries et al. (2000), Weinbaum et al.
(2003), Tarbell et al. (2005), Weinbaum et al. (2007), Reitsma
et al. (2007), Van Teeffelen et al. (2007), and, most recently,
Curry and Adamson (2012). Only a brief overview is given
here.

The EGL is currently understood to be formed of two dis-
tinct yet closely interacting regions (Weinbaum et al. 2007;
Reitsma et al. 2007). The first region is composed of long-
chain macromolecules (predominantly proteoglycans and
glycoproteins) firmly attached to the luminal surface of the
underlying cells. This region of the EGL is often observed in
ex-vivo electron microscope studies (see Fig. 3) and extends
∼0.05–0.4µm (van den Berg et al. 2006) from the endothelial
surface. The second region, likely intertwined with the first,
is thought to be more dynamic in nature; it is composed of
hyaluronan and loosely attached plasma- and endothelium-
derived proteins which extend the EGL ∼0.3–0.5µm (Vink
and Duling 1996; Smith et al. 2003; Damiano et al. 2004)
[or possibly further (van Haaren et al. 2003; Megens et al.
2007)] into the lumen. Indeed, recent experiments by Ebong
et al. (2011) have suggested that the entire EGL extends up
to 11 µm into the lumen. There is evidence to suggest that
the composition and thickness of the EGL depend on local
hemodynamic forces such as wall shear stress (van den Berg
et al. 2006; Lipowsky and Lescanic 2013; Koo et al. 2013).

The EGL is postulated to play an important role in several
processes, including the prevention of interactions between
red blood cells and the endothelium (Secomb et al. 2001)

Fig. 3 An electron micrograph of the firmly attached basal region of
the EGL within a rat ventricular myocardial capillary (Berg et al. 2003).
Reused with permission from H. Vink. Copyright 2003, Wolters Kluwer
Health

and the transmission of hemodynamic forces to the surface
of endothelial cells (Weinbaum et al. 2003). However, it is
the role of the EGL as a complex macromolecular filter and
its consequent effects on vascular mass transport (and hence
atherosclerosis) that will be the focus of the following dis-
cussion.

3.2 Experimental studies

3.2.1 Early evidence that plasma proteins interact with
the endothelial glycocalyx layer

During the 1970s, a number of experimental studies sug-
gested that albumin interacts with the endothelial surface
of capillary walls, reducing their hydraulic conductivity
(Levick and Michel 1973; Mason et al. 1977). Several mech-
anisms for this phenomenon were proposed, including block-
age of ‘endothelial pores’ by albumin. In 1980, Michel
proposed that the reduction in hydraulic conductivity could
be attributed to an interaction of albumin with a fiber matrix
layer on the endothelial surface (the EGL). In the same year,
Curry and Michel (1980) presented a theoretical model of
such interaction. Subsequent experimental studies through-
out the 1980s and early 1990s added weight to the suggestion
that plasma proteins interact with the EGL, reducing overall
capillary permeability. Turner et al. (1983) demonstrated that
cationized ferritin can penetrate into the EGL of frog mesen-
teric capillaries (see Fig. 4), reducing hydraulic conductivity,
and Michel et al. (1985) showed that the hydraulic conductiv-
ity of frog mesenteric capillaries was reduced threefold when
they were perfused with bovine serum albumin. Furthermore,
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Fig. 4 An electron micrograph of endothelial cells in a frog mesenteric
capillary that has been perfused with cationized ferritin. The lumen is
in the top left corner of the image. Cationized ferritin is clearly visible
within the remaining components of the EGL, which coat the luminal
surface of the endothelial cells. An intercellular cleft (between two
adjacent endothelial cells) is visible near the center of the image. The
bar represents 200 nm (Turner et al. 1983). Reused with permission
from C. Michel. Copyright 1983, Elsevier

Schnitzer et al. (1988) demonstrated that albumin interacts
with a 60 kDa glycoprotein component [and possibly other
components (Schnitzer et al. 1988)] of the EGL of cultured
endothelial cells derived from the rat epididymal fat pad.
Finally, Adamson and Clough (1992) used cationized fer-
ritin to mark the EGL of frog mesenteric capillaries and
subsequently demonstrated that albumin and other plasma
proteins interact with and modify mass transport properties
of the EGL. Hence, by the early 1990s, significant experimen-
tal evidence suggested that plasma proteins such as albumin
interact with the EGL of capillaries and reduce their per-
meability. Additionally, Gorog and Born (1982) showed that
removal of sialic acid (now understood to be a component of
the EGL) from the endothelial surface of rabbit carotid arter-
ies (not capillaries) resulted in increased uptake of LDL and
fibrinogen by the arterial wall. Taken together, these stud-
ies constituted the first direct evidence that the EGL has a
significant effect on mass transfer within the vasculature.

3.2.2 Determining mass transport properties with
fluorescently labeled tracers

Vink and Duling (1996) used intra-vital microscopy to study
the transport of fluorescein isothiocyanate (FITC)-labeled
dextran 70 (negatively charged), and texas red (TR)-labeled
dextran 70 (neutral) within hamster cremaster muscle capil-
laries. It was found that both FITC- and TR-labeled dextran
70 were excluded from a region adjacent to the endothelial

surface. This region was deemed to be the EGL. A num-
ber of experimental studies followed, in which mass trans-
port properties of the EGL were probed using fluorescently
labeled tracers (such as FITC-labeled dextrans). Henry and
Duling (1999) used intra-vital microscopy to study the inter-
action of FITC-labeled dextran 70, 145, 580, and 2000 with
the EGL in hamster cremaster muscle microvessels. In line
with the results of Vink and Duling (1996), all FITC-labeled
dextrans were found to be excluded from the EGL. How-
ever, after degradation of hyaluronan within the EGL (by
exposure to hyaluronidase), FITC-labeled dextran 70 and
145 were able to penetrate significantly. These results sug-
gest that hyaluronan plays a critical role in determining mass
transport properties of the EGL. Vink and Duling (2000)
studied how FITC-labeled dextran 4, 17, 39, 70, 580, and
2000 (negative), TR-labeled dextran 40 and 70 (neutral),
free rhodamine dye (neutral), dichlorotriazinylaminofluores-
cein (DTAF)-labeled bovine serum albumin (67 kDa), DTAF-
labeled fibrinogen (340 kDa), and a FITC-labeled complex
of albumin and dextran 70 interacted with the EGL of ham-
ster cremaster muscle capillaries. TR-labeled dextran 40 and
free rhodamine dye were able to penetrate into the EGL
with half-times of 11–60 min, depending on tracer size. Also,
in line with previous studies, it was found that both FITC-
and TR-labeled dextran 70 were excluded from EGL. How-
ever DTAF-labeled albumin and fibrinogen (67 and 340 kDa,
respectively), which are larger than FITC- and TR-labeled
dextran 70, were able to penetrate into the EGL, with a half-
time of 40 min, and the FITC-labeled complex of albumin
and dextran 70 was also able to penetrate. Collectively, these
results suggested that the EGL does not simply behave as
a size-selective filter. Instead, they demonstrated that mass
transport properties of a given species within the EGL depend
on its charge and structure, as well as its size. Also Henry and
Duling (2000), showed that application of Tumor Necrosis
Factor-α (TNF-α) enabled FITC-labeled dextran 70 and dex-
tran 580 to penetrate into the EGL and significantly increased
the rate at which FITC-labeled dextran 40, FITC-labeled
albumin, and FITC-labeled immunoglobulin G could pen-
etrate. These results highlight how mass transport properties
of the EGL will likely depend on the in vivo biological state
of the endothelium and in particular on local inflammatory
processes. Subsequently, van Haaren et al. (2003) used con-
focal microscopy to study the interaction of FITC-labeled
dextran 4.4, 50.7, and 148 with the EGL of rat mesenteric
microvessels. They found that FITC-labeled dextran 148 was
excluded from the EGL, FITC-labeled dextran 50.7 pene-
trated slowly, and FITC-labeled dextran 4.4 penetrated very
quickly. These results suggest that if the type of molecule
and the biological state of the endothelium is kept constant,
then the EGL does act as a size-selective filter.

Stevens et al. (2007) used fluorescence correlation spec-
troscopy to study albumin transport within the EGL of cul-
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tured bovine lung microvascular endothelial cells. Alex-
aFluor (AF) 532-labeled albumin could penetrate into the
top layer of the EGL, within which its diffusion was inhib-
ited by approximately 30 % relative to its free diffusivity.
However, the tracer appeared to be excluded from the basal
region of the EGL. Interestingly, the interaction altered if the
EGL was exposed to an excess of albumin; in fact, even rela-
tively low levels of unlabeled albumin significantly reduced
penetration of the labeled albumin into the EGL. Moreover,
digestion of the EGL with heparanase III allowed the labeled
albumin to penetrate further into the EGL, and EGL digestion
with hyaluronidase effectively stopped it interacting with the
EGL at all. Taken together, these results suggest that albu-
min can penetrate into the loosely attached top layer of the
EGL, within which its diffusion is inhibited via its interaction
with hyaluronan. However, it cannot easily penetrate into the
more firmly attached basal layer of the EGL, which is densely
populated with heparan sulfate.

More recently, Gao and Lipowsky (2009) combined intra-
vital microscopy and computational simulations to quantify
various properties of the EGL. Experimentally, they found
that FITC-labeled dextran 70 did not penetrate significantly
into the EGL of the rat ileocolic artery, but unbound FITC
did. Additionally, they showed that diffusion of FITC within
the EGL was hindered (relative to its free diffusivity) by a
factor of order 400. As the authors pointed out, this is sig-
nificantly more than predicted by either pore or fiber mod-
els of the EGL, suggesting that mass transport properties
within the EGL are not determined by its structure alone.
Also, in a follow-up study, Gao and Lipowsky (2010) inves-
tigated how mass transport properties vary spatially within
the EGL. Specifically, they calculated the diffusion coeffi-
cient of FITC in the entire EGL and in a smaller sub-layer
rising 173 nm above the endothelial cell surface. Diffusion in
this sub-layer was found to be half that in the EGL as a whole.
Moreover, chondroitinase and hyaluronidase both caused the
diffusion of FITC to increase significantly, whereas hepari-
nase decreased the diffusion coefficient of FITC in the EGL
as a whole, but did not affect diffusivity in the sub-layer. Col-
lectively, the results suggest that the EGL is denser near the
endothelial surface. They also suggest a non-uniform distrib-
ution of components throughout EGL and that the EGL may
compact when some components are removed.

3.3 Theoretical studies

3.3.1 Modification of Starling’s hypothesis
(the Michel–Weinbaum model)

Michel (1997) and Weinbaum (1997) independently pro-
posed a revised version of Starling’s hypothesis, now referred
to as the Michel–Weinbaum model, in which the EGL plays
a central role. Starling introduced the idea that water flux

across the capillary wall is driven by hydrostatic and col-
loid osmotic (‘oncotic’) pressure gradients, the latter being
multiplied by a reflection coefficient indicating the ability
of the wall to hold back plasma proteins. The expectation
was that water would leave the capillary at its arterial end,
where the luminal hydrostatic pressure is relatively high, and
would be reabsorbed at the venous end, where this pres-
sure is lower. However, when modern techniques permitted
accurate measurement of the pressures and reflection coef-
ficient, it became clear that water would leave the capillary
over its entire length and would not be reabsorbed. Since
lymph flow is inadequate to explain the return of all of the
extravasated water, Starling’s hypothesis is untenable in its
original form. Michel and Weinbaum suggested that the main
semi-permeable membrane restricting the transmural trans-
port of plasma proteins, while permitting water flux, was the
EGL and that consequently the classic Starling force balance
should be applied across the EGL alone and not across the
entire wall (see Hu and Weinbaum 1999 for further details
and implications). The Michel–Weinbaum model and its sub-
sequent experimental validation (Hu et al. 2000; Pang and
Tarbell 2003; Adamson et al. 2004) brought the EGL to
the fore as a key determinant of arterial wall mass transport
properties.

3.3.2 Modeling transport of low density lipoproteins

Dabagh et al. (2009) included the EGL when developing a
model of LDL transport across a deformable arterial wall.
Their study was one of the first to consider how pressure-
induced deformation (compaction) of layers within the arter-
ial wall can modulate transport of LDL through it. However,
it did not explicitly model the interaction of LDL with the
EGL. Subsequent studies by Vincent et al. (2010) simulated
LDL concentration polarization at the luminal surface of the
endothelium, including the effect of intercellular clefts and
the EGL. They found that the degree of LDL concentration
polarization depended critically on how LDL interacted with
the EGL. In particular, the degree of concentration polariza-
tion depended on the depth to which LDL could penetrate into
the EGL and the diffusivity of LDL within the EGL. More
recently, Liu et al. (2011) developed a theoretical model of
LDL transport in an idealized arterial geometry that included
various layers of the arterial wall, as well as the EGL. Once
again, the results suggested that the EGL plays a critical role
in regulating LDL transport into the arterial wall. Specifi-
cally, they predicted that reducing the thickness of the EGL,
or reducing its barrier function (by damaging it), would lead
to enhanced accumulation of LDL in the intima. Their results
also suggested that raised blood pressure (hypertension) or
an increased number density of ‘leaky’ intercellular clefts
have a much more limited effect on transendothelial LDL
transport when an EGL is present.
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3.3.3 Modeling transport of nitric oxide and oxygen

Chen et al. (2006) developed a theoretical model to study
O2 and NO transport in capillaries. While the model did not
explicitly include interaction of O2 and NO with the EGL,
it did predict that the thickness of the EGL would affect O2

and NO transport via its effect on the hematocrit and thus the
rate at which O2 and NO were scavenged in the blood. More
precisely, the model suggested that as the thickness of the
EGL increased, the luminal space for red blood cells would
be reduced and hematocrit would rise, leading to an increase
in the rate at which O2 and NO were scavenged. While this
result is interesting, it is only relevant in capillaries, where
the EGL thickness is a significant fraction of the luminal
diameter.

3.3.4 Modeling transport of charged species

Stace and Damiano (2001) developed a one-dimensional
axisymmetric model of electrodiffusion within the EGL
of capillaries. The model, which was motivated by Vink
and Duling’s (2000) charge-dependent transport observa-
tions, combined classical Fickian diffusion with Ohm’s Law,
Gauss’s Law, and conservation of mass in order to model
transport of a free anionic tracer outside and within the EGL.
The EGL was modeled as a fixed distribution of negative
charge, and the effect of free ionic salts (Na+ and Cl−) was
also included. It was found that in steady state, anionic trac-
ers were excluded from the EGL and that the degree of such
exclusion increased as the negative charge associated with
the EGL and tracers increased. Also, dynamic analysis sug-
gested that the diffusion time for anionic tracers through the
EGL increased exponentially with tracer charge.

Fu et al. (2003) extended their earlier mathematical model
of mass transport through the EGL and intercellular clefts
(with broken tight-junction strands) (Fu et al. 1994) to
include the effects of electric charge. They developed a two-
dimensional model of electrodiffusion above and within the
clefts that included a negatively charged EGL. The model
predicted that a negatively charged EGL would inhibit trans-
port of negatively charged solutes across the endothelium
more than it would inhibit transport of positively charged
ones. Interestingly, however, the model also suggested that
this effect would be counteracted by an excess of Na+ over
Cl− ions near the luminal surface of the EGL—an excess
would occur if negatively charged proteins were present near
the surface. Finally, the model predicted that the overall per-
meability of the endothelium to charged solutes would be
independent of the charge distribution within the EGL so
long as the maximum and overall charge remain constant.

The model of Fu et al. (2003) was further extended by
Chen and Fu (2004) to include the effects of convection
through the intercellular clefts. This revised model pre-

dicted that convective transport of negatively charged albu-
min through the endothelium would be greatly inhibited by
the presence of a negatively charged EGL. Additionally,
the model predicted that while increasing the width of the
intercellular clefts would increase hydraulic permeability,
it would have little effect on transport of albumin across
the endothelium so long as a negatively charged EGL was
present.

3.4 Implications for atherosclerosis

The studies cited above suggest that the EGL plays a crit-
ical role in vascular mass transport. However, none of the
experimental studies, and only a handful of the theoretical
studies, focus on the transport of LDL, HDL, ATP, ADP,
NO, or O2, which are the species most heavily implicated
in atherogenesis. The interaction of these six species with
the EGL remains ill-understood. It is reasonable, however,
to speculate as follows:

• LDL macromolecules have a mass of approximately
3 MDa. Consequently, the studies of fluorescently labeled
dextran transport (Vink and Duling 2000; van Haaren et
al. 2003) suggest that LDL will be excluded from the
EGL. However, experiments with other tracers suggest
that the EGL does not behave as a purely size-selective
filter (Vink and Duling 2000) and that macromolecules
such as albumin and fibrinogen can penetrate into, and
interact with, the EGL (Turner et al. 1983; Adamson and
Clough 1992; Vink and Duling 2000), or at least its most
luminal layer (Stevens et al. 2007). It is therefore possi-
ble that some LDL penetrates into, or forms part of, the
more loosely attached top layer of the EGL. It is also pos-
sible that this process is enhanced by a convective trans-
mural flux causing concentration polarization of LDL at
the luminal surface of arteries. The exact nature of inter-
actions between LDL and the EGL, once established, will
likely have important implications for both transcellular
and paracellular transendothelial LDL transport, and thus
atherogenesis.

• HDL macromolecules have a mass of order 100 kDa [pos-
sibly as low as 70 kDa (Atmeh 1990)]. This is similar to
the FITC-labeled albumin and dextran complex, and the
FITC-labeled fibrinogen, which Vink and Duling (2000)
found could penetrate into the EGL. Consequently, it is
plausible that HDL is able to penetrate into, and interact
with, the EGL. As with LDL, the exact nature of interac-
tions between HDL and the EGL, once established, will
likely have important implications for both transcellular
and paracellular transendothelial HDL transport and thus
atherogenesis.

• ATP, ADP, NO, and O2 are much smaller than LDL and
HDL. Based on their small size, it is unlikely that the EGL

123



Flow-dependent concentration polarization and the endothelial glycocalyx layer 323

will impact either their diffusion or convection. However,
it is possible that they interact with the EGL in some other
way; there is evidence to suggest that O2, at least, can
have an effect on the composition of the EGL (Annecke
et al. 2011). Finally, as suggested by Chen et al., it is
possible that the thickness of the EGL can affect the blood
hematocrit and hence the rate at which NO and O2 are
scavenged in the blood. However, this effect would only
be significant in capillaries, not in the large- and medium-
sized arteries where atherogenesis occurs.

In summary, while the details remain unclear, experimen-
tal and theoretical studies suggest that the EGL could have an
important effect on transport of species involved in athero-
genesis and hence on atherogenesis itself.

3.5 Future studies

3.5.1 Future experimental studies

Future experimental studies should determine how LDL
interacts with the EGL, since this is likely to have impor-
tant implications for both transcellular and paracellular LDL
transport across the endothelium and thus atherogenesis.
Specifically, it is important to ascertain the extent to which
LDL can penetrate into the EGL and, if it does penetrate
into the EGL, how its transport properties are affected.
It is also important to ascertain whether LDL reacts or
combines with the EGL in any way. LDL is known to
bind to components of the interstitial matrix that are simi-
lar to components of the EGL. Answering these questions
in vivo currently poses a significant challenge. However,
similar questions concerning albumin have been success-
fully addressed in vitro using fluorescence correlation spec-
troscopy (Stevens et al. 2007). Extension of such experiments
to investigate the interaction of LDL with the EGL might be
feasible.

3.5.2 Future theoretical studies

Given its complex and heterogeneous structure, it may be
impossible to capture all mass transport properties of the
EGL using ‘classical’ continuum mechanics alone, espe-
cially when modeling interactions of large macromolecules
such as LDL. Instead, it may be necessary to model the EGL
at an atomistic or molecular level. An ‘all atom’ molecular
dynamics simulation of the EGL remains unfeasible [cur-
rently such simulations have time-scales of order 100 ns and
length-scales of order 10 nm (Lervik et al. 2013)]. However,
so-called coarse-grained approaches (Venturoli et al. 2006;
Yin et al. 2009; Flores et al. 2012), in which the total num-
ber of degrees of freedom are reduced by combining relevant
groups of atoms, offer a viable alternative. Indeed, coarse-

grained molecular dynamics simulations of the EGL have
already been attempted by Danova-Okpetu (2005), and more
recently by Gniewek and Kolinski (2012). It is hoped that
the advent of massively parallel, many-core platforms such
as Graphical Processing Units will further increase the fea-
sibility of such calculations in the future, due to the natural
mapping of molecular dynamics algorithms to these archi-
tectures.

4 Conclusions

Research over the past decades has placed significant empha-
sis on understanding how mechanical flow forces per se are
involved in regulating the development of atherosclerosis.
However, far less attention has been paid to the role of arter-
ial mass transport. While a significant body of work suggests
flow forces per se are important, there is increasing evidence
to suggest that complex, multi-scale arterial mass transport
processes involving various species also play a critical role
in the development of atherosclerosis and its regulation by
blood flow.

This short review has focused on one vascular-scale flow-
regulated arterial mass transport process, namely the forma-
tion of an LDL concentration polarization layer at the luminal
surface of the arterial endothelium, as well as one cellular-
scale determinant of arterial wall mass transport, namely the
EGL. A literature review has revealed that several important
aspects of both remain to be elucidated. A range of possi-
ble future studies have been suggested. It is hoped that such
studies will provide further understanding of how atheroscle-
rosis develops and lead to novel therapies for treating the
disease.
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