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Abstract: The fiber matrix of the surface glycocalyx layer internally coating the endothelial cells and plugging the inter-
cellular clefts is crucial for microvascular wall homeostasis. Disruption of the glycocalyx is found in clinical conditions
characterized by microvascular and endothelial dysfunction such as atherosclerosis, diabetes mellitus, chronic renal failure
and cerebrovascular disease. Shedding of its components may also occur during oxidative stress and systemic inflammatory
states including septis. In this work, we investigate the effects of glycocalyx degradation, either due to enzymatic digestion
or to agonist recruitment, on plasma filtration and solute extravasation. We also take into account the possibility of a
physiological or pathological increase in blood pressure, as in hypertensive zones such as pre- and post-stenotic blood
vessels. Our mathematical model shows that a seriously damaged glycocalyx produces an augmentation of flux of both
solvent and solute, thus losing its role of transport barrier and macro-molecular sieve, in agreement with experimental
evidence. Similarly, hypertension causes an increase in both volume and solute fluxes, also according to physiological
findings. The combination of glycocalyx deterioration and hypertension further raises plasma and solute fluxes, potentially
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leading in most severe cases to edema and hemorrhage, as in the case of diabetes.
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1. INTRODUCTION

A pathological loss or agonist-induced thinning of
glycocalyx, a single-cell-thick layer currently recognized as
crucial for microvascular wall homeostasis [1-6], may impair
vascular wall protection throughout the circulatory system [5].
In particular, experimental studies in which the glycocalyx
was treated with glycosaminoglycan-degrading enzymes
showed that enzymatic degradation results in (a) reduction of
anionic dextran exclusion [7], (b) formation of perivascular
edema [8], (c) impairment of shear stress-dependent NO
production in arteries and cultured endothelial cells [9, 10],
(d) increase in hydraulic conductivity [11], protein
permeability [12], albumin glomerular clearance [13] and
adhesion of platelets and leukocytes in venules [14].

Degradation or loss of the glycocalyx has been observed
during exposure to atherogenic/cardiovascular risk factors,
including  inflammatory and  atherogenic  stimuli,
ischemia/reperfusion and oxidized low-density lipoprotein
infusion [5]. On the other hand, glycocalyx proteins are
damaged in vascular diseases, leading to inflammation, which
in turn causes further damages in a sort of vicious circle [15].
Patients with type 1 diabetes mellitus and microalbuminuria
have been shown to be more susceptible to glycocalyx
degradation, compared to their normal buminuric counterparts
[16]. Glycocalyx disruption occurs also in clinical conditions,
such as chronic renal failure, cerebrovascular disease and
septis [17-21] and in high-fat high-cholesterol diet [22].
Moreover, this loss of systemic glycocalyx volume, leading to
fluid leakage from microvessels, correlates to a reduction in
anatomic capillary diameter or functional capillary density [5,
23]. Glycocalyx degeneration, induced by reactive oxygen
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species exposure, has been shown to lead to endothelial
dysfunction, with possible onset of microalbuminuria or
proteinuria (i.e. the presence of an excess of aloumin or other
serum proteins in the urine) in clinical diseases [24, 25], and
subsequently to vascular inflammation and cardiovascular
disease progression [26].

Moreover, shear stress appears to contribute both to the
incorporation of the glycosaminoglycan hyaluronan into the
glycocalyx, thus affecting sulfated glycosaminoglycan
distribution, and to the shedding of hyaluronan (for instance,
during reperfusion after ischemia), thus permitting leukocyte
adherence to the vessel wall [5]. Shear stress seems to be
mediated by NO production [10] and G proteins [27]. Another
factor, which is crucial for microvascular wall homeostasis, is
capillary pressure. In particular, hypertension plays a role in
trans-vascular exchange, increasing both fluid filtration and
protein extravasation. This leads in most severe cases to
leakage, as in the cases of extra-vascular edema and
hemorrhage, which are observed for instance in hypertensive
retinopathy and hypertensive optic neuropathy [28]. Systolic
blood pressure higher than 115 mmHg is responsible for 62%
of cerebrovascular disease (including stroke, myocardial
infarction, heart failure, aneurysms of the arteries, coronary
heart disease and peripheral arterial disease) and 49% of
ischemic heart disease.

A way to study the effect of both glycocalyx shedding and
pressure increase on transvascular exchange is through the
construction of a mathematical model, able to describe the
effect of increasing glycocalyx permeability or internal
pressure on plasma and solute fluxes.
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Starting from the 50s one- [29-31] and three-dimensional
[30-34] mathematical models have been developed, by using
different strategies to include the effects of glycocalyx and
endothelial cells [1, 35]. Squire et al. [3] proposed a quasi-
periodic three-dimensional ultra-structural model of the
endothelial surface layer, which was subsequently used in [6]
to study the flexural rigidity of the core proteins comprising
the bush-like matrix and the adhesive molecular interactions
between proteins in the endothelial membrane and circulating
cellular components. In order to incorporate charge effect on
microvessel permeability, the model developed in [34] was
extended in [36] to include a negatively charged glycocalyx
layer at the entrance of the interendothelial cleft. In the present
paper only the size-filtering capacity of the glycocalyx is
considered, assuming that the charge-sieving effect can be
neglected. The effects of glycocalyx thinning and of a change
in its morphology are also described in [37], in which the
glycocalyx enters into the mathematical model simply via the
boundary conditions.

In the present paper we study, by means of our
mathematical model [38], the effect of glycocalyx
deterioration and blood pressure alterations, on filtration and
transport of macromolecules. Our model differs from existing
studies in the way the main structural elements are described,
thereby allowing to explicitly compute the distribution of
hydrostatic and osmotic pressure inside the vessel wall,
without lumping glycocalyx and the layer of endothelial cells
into a single layer, as done in most of the existing models. This
allows a more accurate reconstruction of plasma filtration and
solute leakage, also in the interface region between the
glycocalyx and the endothelium. For the purpose of the
present paper we consider a typical extra-cranial capillary,
composed by two homogeneous, yet different, layers
representing the glycocalyx and the endothelium.

The rest of the paper is structured as follows. In Section 2,
the steady-state mathematical model of plasma filtration and
solute transport across a typical microvessel wall is
summarized, while Section 3 recalls the physiological
parameters. The main results of this paper are reported in
Sections 4 and 5, while Section 6 draws some conclusions.

2. THE MATHEMATICAL MODEL

Assuming radial symmetry, we model steady-state plasma
filtration and solute transport across the vessel wall by means
of the following coupled non-linear ordinary differential
equations [38], written in cylindrical coordinates (r, 6, z) and
in dimensionless form:
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Where both the hydrostatic pressure p = p(r) and the osmotic
pressure IT = TI(r) are functions of the dimensionless distance
r from the vessel axis, with r € (0, 1). From a mathematical
viewpoint, Equations (1) are a two-point boundary-value
problem with boundary conditions:

pe = p(0); Po = p(1); I = I1(0); I, = I1(1).
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The dimensionless quantities are defined as follows:
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where the superscript * denotes dimensional quantities, r, and
rc are the internal and the external radius (dimensional) of the
vessel wall, respectively, the former corresponding to the
internal surface of the glycocalyx. Furthermore, ¢, is the
harmonic mean of the hydraulic conductivities of the
glycocalyx (£,6) and the endothelial cells (¢,"), weighted by
their thickness:
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where rg is the radius of the circle representing the external
glycocalyx surface. o is the membrane reflection coefficient
and L4 is the diffusional permeability. We choose as reference
pressure pr the magnitude of the external hydrostatic pressure
Ipo’l.

We solve system (1) for p(r) and II(r) using the finite
difference scheme proposed in [39]. Then we compute the
dimensionless volume Jy = Jy(r) and solute Js = Js(r) fluxes by
using the following expressions:
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At this stage, we note that even if system (1) implies that
both fluxes are constant in r, because of numerical
approximation, the solution shows small variations. We thus
consider as flux, the mean of the numerical values across the
vessel thickness.

3. PHYSIOLOGICAL PARAMETERS
3.1. Relation between parameters

We model the glycocalyx as a system of N cylindrical
pores (per unit area of surface membrane) of mean radius rp.
According to this conceptual model, the phenomenological
parameters of the membrane representing the glycocalyx
assume the following expressions [40]:
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where o € [0, 1] is the reflection coefficient, ¢ is the solute
partition coefficient (which represents the reduction of
diffusion due to steric exclusion), rs is the radius of the solute
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molecule, £, is the hydraulic conductivity, p is the kinematic
fluid (plasma) viscosity, £q is the diffusional permeability, D
is the diffusion coefficient of the solute in aqueous solution
and Ty is a mean osmotic pressure (here assumed as the
arithmetic mean of the values assigned as boundary
conditions); f, is an empirical function introduced to take into
account the restricted diffusion due to the increased
hydrodynamic drag [41]:

f, (X) = 1-2.104 X + 2.09 X3 - 0.95 X5,

Note that all the previous quantities are dimensional.

Considerations from irreversible thermodynamics [42]
lead to:

04> 62 0. (10)
We thus assume that the diffusional permeability is given by

Lq = o 62 Lp, Where a > 1 is a constant related to the Péclet
number Pe = €, / £q through a = 1/ (c? Pe).

Manipulating the previous algebraic equations, the
diffusional permeability can be expressed as a function of the
reflection coefficient and the hydraulic conductivity as
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where the radius r, and the number of the pores can be
estimated through the following expressions
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Suitable vales of o and ¢, of the glycocalyx layer are
reported, for instance, in [43]. Note that the obtained mean
pore radius r, = 4.65 nm is comparable with the 4-5 nm half-
distance of the periodic glycocalyx surface structure
determined from electron micrographs [3] and the 5.7 nm pore
exclusion size limiting glycocalyx permeation by dextrans
[44].

The effective diffusion coefficient D can be estimated
from the free diffusion coefficient Dyree as D = 6, Diree, Where
the coefficient 6, > 1, defined as
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represents the increase of diffusivity due the non-uniform
distribution of the velocity profile within the pore channel.
Often, to take into account the hydrodynamic origin of this
increase, the modified diffusion coefficient is called
hydrodynamic dispersion [45]. In our case, 6, is about 33,
while when the size of the molecules are much more smaller
that the diameter the effective diffusivity may become 3-4
times larger than the diffusion coefficient.
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By defining 6, as in equation (14), we automatically
satisfy condition (10).

Since the function f, is positive (within a reasonable
domain) and €4 > 0, an increase in the hydraulic conductivity
Lp produces a linear increase in L4, as depicted in Figure 1.
Equation (11) also states that a reduction of the reflection
coefficient o produces an increase in the diffusional
permeability €4 (for a reasonable range of o, see Figure 1), as
we expect from the augmented mobility of the solute
molecules.

0.2

=3 0.4
il - 0.6
E, 0.8 -

Figure 1. Diffusional permeability £q versus £, and . Here
the physiological parameters £, and g4 are dimensionless with
respect to the weighted harmonic mean for the hydraulic
conductivity €,

3.2. Physiological parameters across the wall

In order to obtain smooth solutions, we consider a smooth
transition between the two layers composing the vessel wall
as in [38]:
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where sub-scripts G and W indicate the reflection coefficient
of glycocalyx and the endothelial cells, respectively, and rq
identifies the interface between the glycocalyx layer and the
endothelium. We control the transition between the material
properties of the two layers through the smoothing parameter
€. According to Equation (15), a larger ¢ value results in a
smoother transition. Here we choose & = 107%, thus the
transition is assumed smooth, though sharp.

Table 1 shows typical values of material properties and
physiological features of an intact capillary, as well as the
values of the osmotic and hydrostatic pressures within the
lumen and in the external interstitial space. The table reports
also the physical and hydrodynamics properties of the solute
(i.e. albumin), as well as kinematic fluid viscosity within the
pores.
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Parameter [unit] Value Reference
re [um] 5 [46]
fg [um] 5.15 [47]
fo [um] 55 [46]
1. [mmHg] 25 [48]
IT, [mmHg] 12 [48]
pec [MmHg] 20 [48]
Po [MmMHQ] -1 [48]
oG 0.9 [43]
ow 0.1 [43]
0p® [um? sec mmHg?] 0.601854 [43]
oW [um? sec mmHg™] 4.15203 [43]
p [mmHg sec] 5.2504 - 10°® [49]
rs [um?] 3.6 1078 [40]
Dree [um? sec] 60 [50]
o 1.001

Table 1. Typical values of the material properties of an intact
capillary: o is the reflection coefficient and €, is the hydraulic
conductivity. The typical values of capillary blood hydrostatic
and osmotic pressures (pc and Ilc) are reported together with
typical values of interstitial pressures p, and II,. The
superscripts G and W indicate the glycocalyx and the
endothelial layers, respectively. p is kinematic viscosity of the
fluid, rs is the mean molecular radius of human serum albumin
and Drre is its free diffusion coefficient. The coefficient o > 1
depends on the Péclet number and is defined such as to respect
condition (10).

4. SIMULATION OF GLYCOCALYX SHEDDING

Degradation and/or loss of glycocalyx have been shown
during exposure to atherogenic/cardiovascular risk factors,
including inflammatory and  atherogenic  stimuli,
ischemia/reperfusion and oxidized low-density lipoprotein
infusion [5]; patients with type 1 diabetes mellitus and
microalbuminuria are more susceptible to glycocalyx
degradation [16]. Apart from pathological conditions,
glycocalyx thickness can change also because of increased
shear stress (even at atherosclerosis-prone sites) and in
response to agonists such as adenosine, which may increase
wall conductivity up to 40% [51].

In this section, we simulate glycocalyx deterioration,
possibly due to physiological glycocalyx fiber rearrangement
and/or to enzymatic digestion.

4.1. Simulating glycocalyx modulation?

In [16], glycocalyx thickness in sub-lingual capillaries was
estimated from the difference between capillary red blood cell
column width during baseline (functionally perfused capillary
diameter) and after passage of a leukocyte (anatomic capillary
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diameter). A reduction of about 45% was found in the
glycocalyx thickness of healthy subjects, compared to patients
with type 1 diabetes mellitus. This shows indirectly that
patients affected by this disease suffer from a reduction of the
glycocalyx thickness, since the leukocyte interacts less with
the glycocalyx. In addition, an electron microscopic study of
mouse carotid arteries [22] showed a thinning of endothelial
glycocalyx layer of about 75% at an atherosclerosis-prone site
compared to the glycocalyx thickness at a low-atherogenic-
risk site [5].

Moreover, Adamson [11] observed that the treatment of
frog mesenteric capillaries with the glycocalyx-degrading
enzyme pronase produced a 2.5-fold increase in the post-
pronase hydraulic conductivity compared to the initial control
value, accompanied by no significant changes in the
morphology of the inter-cellular clefts and large alterations in
the luminal glycocalyx structure, due to its partial digestion
(see also Figure 1 in [8]). This suggests a correlation between
the changes in physiologically measured hydraulic
conductivity and morphologically demonstrated alterations in
the glycocalyx structure. Incidentally, the 2.5-fold increase in
capillary permeability (which reaches nearly a 20-fold
increase in particular vessels) implies that at least 60% of the
hydraulic resistance to plasma flow across microvessel walls
is associated with the endothelial glycocalyx.

According to Equation (7), an increment in glycocalyx
hydraulic conductivity may be the consequence of a raise in
the number N of pores, or an increase in their radius r, or of
both of them (see Figure 3 in [11]). Here we choose to
simulate damage of the glycocalyx by increasing both N and
rp. A change in N determines a variation of both £ and €4, but
does not alter o since the latter is only related to the ratio of
solute and pore size (see Figure 2a). On the other hand, a
change in r, produces a change in o, £, and Cq.

Figure 2 shows the variation of the physiological
parameters o, £ and £q due to changes of both N and rp. Notice
that all the other quantities are fixed according to the values
reported in Table 1 and referring to an intact (not damaged)
glycocalyx.

We thus model the deterioration of the endothelial
glycocalyx by three means: (i) by decreasing its thickness Ag,
(if) by increasing the number N of its pores and (iii) by
augmenting their radii rp.

4.2. Computed fluxes in the case of glycocalyx damage

Figures 3a-3f show the volume (Figures 3a, 3¢ and 3e) and
solute fluxes (Figures 3b, 3d and 3f) made dimensionless with
respect to the reference fluxes of an intact vessel wall reported
in Table 1 as a function the parameters describing the change
of status of the glycocalyx (i.e. Ag, N and rp). In the figures,
these parameters are let to change in pairs, with the remaining
parameter kept constant.

Glycocalyx thinning, accompanied by an increase of pore
number N and/or pore radius rp, result in an increase of plasma
filtration and/or solute extravasation, as expected (see the dark
grey zones representing the highest values of volume/solute
fluxes).



Modeling Glycocalyx Damage and Hypertension

Reflection coefficient o

10
< I R0.9
S 6 | 0.8
= ) 0.7
- 0.6
2 11105

(a) I 12 14 16 1.8 2
7,1])/7nr(f

Hydraulic conductivity €,

10
200
150
100
. 50

@) 1 12 14 16 18 2
TJJ/TJSGf

Diffusional permeability £

10 )
40
S
- 30
= 0
= 4
9 I 10
\'\‘\

1.2 14 16 1.8 2
7nP/Trcf

Figure 2. Physiological parameters o, {p and {q (divided by
the reference value obtained for an intact vessel wall) varying
with respect to the radius r, and number N of pores of the
glycocalyx layer (divided by the corresponding values of an
integer glycocalyx).
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Notice the 6 to 7-fold increase of the volume flux in the
case in which the mean pore radius rp increases to twice the
reference value (see Figures 3a and 3e), whereas it increases
up to 3.5 times the reference value when r, is kept fixed and
the other two parameters varied within their range of
variability (Figure 3c). The influence of r, on the
physiological parameters vary among them; see in particular
Figure 2a in which doubling r, halves the value of . This
suggests a pivotal role of ¢ in the volume flux, being more
sensitive to variations of ¢ than of other parameters.

The behavior of the solute flux is similar, except that a
change in glycocalyx thickness Ag and/or pore number N
quadruples the flux (see Figure 3d), whereas a change in rp
(and thus in o) decouples this effect, as clearly depicted in
Figures 3b and 3f, respectively. These results are in line with
experimental observations, where a significant increase in
macro-molecular flux across microvessel wall was observed
both after exposure to H2O, [25] and after treatment with
heparan-sulfate-degrading enzymes [24]. Depending on the
enzymes used, it was noticed a 1.4 to 3-fold increase in the
trans-vascular albumin flux after enzyme-treatment compared
to the initial macro-molecular flux, supporting our predictions
[24].

The almost horizontal contour lines shown in Figures 3a
and 3b are indicative of a small influence of Ag variations on
both volume and solute fluxes, if compared with the change
caused by variation of r,. On the other hand, when Ag is kept
fixed, volume (Figure 3e) and solute (Figure 3f) fluxes are
chiefly controlled by N and are insensitive to rp variations. The
effect of these variations is much larger on the solute flux than
on the volumetric flux with about 40-fold increase of the
former (see Figures 3b and 3f) against the maximum of 7-fold
increase in the latter. The only case in which variation of
volumetric and solute fluxes are comparable is that in which
with r, maintained constant N and Ag are varied spanning their
range of variability (Figures 3c and 3d). In this case, both
fluxes are sensitive to both variations, as shown by the
inclined contour lines.

5. INFLUENCE OF PRESSURE INCREASE

In this section, we study the impact of increasing
hydrostatic blood pressure and solute volume fluxes, as in pre-
and post-stenotic blood vessels.

Figures 4a-4f show volume and solute fluxes (normalized
with respect to the reference fluxes of an intact vessel, whose
properties are listed in Table 1) when one of the parameters
describing glycocalyx damage (i.e., Ac/Ac™, N/Nps and
re/ro®"), normalized by the reference values show in Table 1,
is varied in combination with the hydrostatic blood pressure
pe, with the other two parameters kept constant. Local
hypertension, here represented by pc larger than the reference
value for a healthy control, results in an increase of plasma
filtration and solute leakage, worsened by glycocalyx
shedding (see the dark grey zones representing the highest
values of volume/solute fluxes). By halving glycocalyx
thickness Ag, both fluxes become 5 times larger than the
references when blood pressure p. is doubles (Figures 4a and
4b). As expected, both fluxes rise more rapidly with pc,
reaching much higher values, for a thinner glycocalyx.
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Increasing rp, while keeping constant the other two
parameters (Ag and N) causes a large increase of both fluxes,
which reach values much higher than similar changes of rp
with pc as can be noticed by comparing Figure 4c with Figures
3a and 3e for the volume flux and Figure 4d with Figures 3b
and 3f, for the solute flux. A similar variation of p, but with
changing N instead of r, produces a smaller increase in the
fluxes (Figures 4e and 4f). Notice that while the volumetric
flux is in this case still large with respect to the values
observed when N is increased by keeping p. constant, as
shown in Figures 3c and 3e, the solute flux reduces
significantly with respect to the similar cases shown in Figures
3d and 3f. In general, volume and solute fluxes are more
sensitive to changes of p. at large values of N and rp. The
disproportional increase of the solute flux with respect to the
parallel increase of the volumetric flux observed when both pc
and rp are increased, as shown in Figures 4c and 4d, in in line
with the experimental findings of Valenzuela-Rendon and
Manning [52], showing that trans-capillary flux of fluid and
proteins in conscious dogs increase both during volume-
loading hypertension and during angiotensin Il-induced
hypertension. In fact, in their first experiment of volume-
loading-induced hypertension (with an increase in mean
arterial pressure of 24%), the fluid flux increased of 165%,
whereas the protein flux, apparently dominated by
convection, increased only by 57% [52]. Analogously, during
angiotensin ll-induced hypertension experiment (with an
increase in mean arterial pressure of 45%), trans-capillary flux
increased by 45% and protein flux increased by 34% [53]. Our
results are in line with these experimental findings, though we
cannot apply our model to this case because the Péclet number
is not reported [52, 53].

Notice that a change in mean arterial pressure is not
directly correlated to capillary pressure, since the latter is also
affected by nervous control, venous pressure, vascular
resistance, gravity and distance along the capillary axis [54].
Nevertheless, in both experiments discussed in [52, 53],
hypertension produces an increase in both volume and solute
fluxes, as qualitatively reproduced by our model.

6. DISCUSSION

Only recently the role of glycocalyx and the adverse
effects of its deterioration in several diseases has been
accepted [55], for instance, its dysfunction contributes to renal
and cardiovascular disease progression, associated with
albuminuria [26] and its degradation is recognized in septis
with the onset of acute lung injury in most severe cases [56].
In acute lung injury and acute respiratory distress syndrome,
pulmonary edema was observed, correlated to glycocalyx
deterioration [57]. To the best of our knowledge, myocardial
tissue edema, and in general extravascular edema, are
measured through the change in pericapillary space [8],
without reporting the precise values of plasma and solute
fluxes. An increase in pericapillary space by about 65% is thus
measured during myocardial tissue edema, proving fluid and
protein extravasation [8]. The results of our model are in line
with these observations. With glycocalyx deterioration
simulated by reducing its thickness or increasing the radius
and/or the number of the pores, the plasma filtration increases
from 3 to 7 times, with respect to the reference value (for an
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intact glycocalyx), while the solute extravasation increases
from 4 to 40 times the reference value (see Figures 3a-3f).

A recent study [55] observed a 40% increase in cardiac
microvascular perfusion in control rats after adenosine
infusion, whereas neither microvascular dysfunction nor loss
of glycocalyx integrity was observed upon adenosine
infusion. This suggests an important role of the level of insulin
resistance in diabetes, which, by now, is neglected in our
mathematical model.

Our model is also able to capture the role of capillary
pressure in transvascular homeostasis, especially in the
presence of glycocalyx degradation, as shown by the increase
of plasma filtration from 5 to 14 times accompanied by an
increase of solute extravasation of 5 to 80 times, depending on
the type of damage considered (see Figures 4a-4f). This
occurs, for example, in patients affected by hypertensive
retinopathy, where the retinal vasculature may be sufficiently
injured to cause occlusion or leakage, thus causing extra-
vascular edema and intraretinal hemorrhage in the most severe
cases. In addition, hypertensive optic neuropathy
accompanied by severe hypertension correlates to flame
hemorrhage and optic disc edema [28]. Another confirmation
of our findings can be seen in the brain: even a slight increase
in pressure may produce serious consequences, as observed in
the experiments of Mayhan and Heistad [58], where an
increase in cerebral venous pressure either due to
phenylephrine-induced hypertension or to superior venae
cavae occlusion was shown to cause the break of rat cerebral
capillaries. Furthermore, our work can possibly explain the
recent association of diabetes with proteinuria and a highly
increased risk of atherosclerosis development: diabetes is
often associated to glycocalyx degradation [16] and it has
recently been hypothesized to accelerate transvascular
transport of both albumin and lipoproteins by 25% and 28%,
respectively [59]. Moreover, this increased transvascular
solute transport is accelerated in the presence of systolic
hypertension or albuminuria, where solute flux of albumin
and low-density lipoprotein rises by 29% and 44%,
respectively, compared to healthy controls. This agrees with
our predictions of a slackening of the vascular solute barrier
in the case of glycocalyx degradation, as in the case of diabetic
patients, even worsened in the presence of hypertension.

In the present work, we neglected the role of the lymphatic
system, which drains accumulated ultrafiltrate, as
demonstrated by the increase in its lymph flow by 2-3 times
in the thoracic duct during volume-loading hypertension [52].
Indeed, a well-known maneuver against edema is the increase
of lymph flow until it exceeds the trans-capillary value, thus
limiting fluid accumulation in the surrounding tissue [54]. To
model this highly dynamic process, a mathematical
description of tissue morphology and transport properties is
needed, together with a suitable model of the time-dependent
pressure changes in the lymphatic capillaries. This is outside
the scope of the present paper.

Moreover, traditionally the brain been thought to lack a
lymphatic system, because since recently none observed
lymphatic vessels within the brain. However, a recent study
demonstrated the presence of a lymphatic system also within
the brain [60], thereby calling for accurate studies to



Modeling Glycocalyx Damage and Hypertension

understand the extent of the effects on physiological and
pathological alterations in cerebral haemodynamics.

The trans-vascular model proposed in the present work
can be extended in many ways, for instance by coupling it to
haemodynamics, since plasma filtration and solute transport
are closely linked to local blood flow dynamics. Actually, it
has been observed that vessel occlusion, resulting in
anomalous blood flow and hypertension, is associated with
the tendency to edema formation and perivascular
accumulation of material [58, 61]. The aim of trans-vascular
transport studies is to determine the influence of disturbed
flow patterns first on luminal pressure and then on the local
concentration of substances both in the lumen and in the
vessel wall.

A recent study [62] has shown that extra-cranial venous
strictures can lead to pressure increases in intra-cranial veins.
Our model can be easily formulated to model the blood-brain
barrier by adding other three layers, representing the
pericytes, the basement membrane and the astrocyte feet [63].
The difficulty here is in obtaining the phenomenological
parameters of these new layers, rather than in the geometrical
complexity, since a general solution for any number of layers
can be obtained [38]. This would result in a better
understanding of neuro-degenerative conditions, which seem
to be connected to vascular and/or transport anomalies, such
as Parkinson's disease, Alzheimer's disease and multiple
sclerosis [63, 49]. Drug delivery in the treatment of diseases
could also be explored and potentially optimized by extending
the current models.

Since all these hypotheses are controversial, accurate
mathematical modeling may provide valuable support in
elucidating the relevant mechanisms leading to a disease and
possibly aiding the process of designing appropriate cures.

CONCLUSION

We have applied our multi-layer steady-state mathematical
model to simulate the impact of glycocalyx degeneration, due to
its thinning and/or alteration on volumetric and solute fluxes
across microvessel walls.

Our simulations showed that plasma and solute fluxes across
microvessel walls are impacted by the mean pore radius
representing glycocalyx porosity more than glycocalyx thickness
and pore number. This suggests a significant influence of
glycocalyx reflection coefficient, which depends on the ratio
between the radius of solute’s molecule and the pore radius, on
transport processes.

Our model is also able to quantify the effects of hypertension
on both fluxes, also when glycocalyx is deteriorated; our
simulations are in qualitative agreement with the experimental
results reported in the literature, where both edema and
hemorrhage are observed.

To take into account also the dynamic changes in lymph flow
and tissue properties, a time-dependent mathematical model of
trans-vascular phenomena is needed. A forthcoming work has the
objective to study this.

To summarize, our simple, yet effective, model provides
results that are in line with physiological studies and can possibly
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be a useful tool in the prediction of the long-term effect of
glycocalyx deterioration and/or hypertension on a number of
diseases.
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