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McClatchey PM, Schafer M, Hunter KS, Reusch JE. The
endothelial glycocalyx promotes homogenous blood flow distribu-
tion within the microvasculature. Am J Physiol Heart Circ
Physiol 311: H168-H176, 2016. First published May 6, 2016;
doi:10.1152/ajpheart.00132.2016.—Many common diseases involve
impaired tissue perfusion, and heterogeneous distribution of blood
flow in the microvasculature contributes to this pathology. The phys-
iological mechanisms regulating homogeneity/heterogeneity of mi-
crovascular perfusion are presently unknown. Using established em-
pirical formulations for blood viscosity modeling in vivo (blood
vessels) and in vitro (glass tubes), we showed that the in vivo
formulation predicts more homogenous perfusion of microvascular
networks at the arteriolar and capillary levels. Next, we showed that
the more homogeneous blood flow under simulated in vivo conditions
can be explained by changes in red blood cell interactions with the
vessel wall. Finally, we demonstrated that the presence of a space-
filling, semipermeable layer (such as the endothelial glycocalyx) at the
vessel wall can account for the changes of red blood cell interactions
with the vessel wall that promote homogenous microvascular perfu-
sion. Collectively, our results indicate that the mechanical properties
of the endothelial glycocalyx promote homogeneous microvascular
perfusion. Preservation or restoration of normal glycocalyx properties
may be a viable strategy for improving tissue perfusion in a variety of
diseases.

glycocalyx; microvascular perfusion; perfusion heterogeneity; oxygen
delivery

NEW & NOTEWORTHY

This study identifies a microfluidic-based mechanism for the
abnormal distribution of microvascular blood flow observed
under conditions of glycocalyx degradation and suggests a
causal role for glycocalyx degradation in impaired tissue
perfusion and oxygenation in several nominally unrelated dis-
ease states.

MICROVASCULAR PERFUSION HETEROGENEITY (unequal distribution
of microvascular blood flow within target tissues) has been
observed in a wide variety of disease states, including sepsis
(27), aging (28), type 2 diabetes (18), and chronic heart failure
(46). In each of these disease states, the capacity for aerobic
exercise is reduced (5, 15, 48, 59). Many mechanisms have
been proposed to contribute to exercise impairment in these
conditions, including loss of muscle mass (15), reduced nutri-
tive blood flow (59), abdominal obesity (35), increased circu-
lating inflammatory markers (26), and endothelial dysfunction
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(19). It is reasonable to suggest that microvascular perfusion
heterogeneity itself might contribute to reductions whole body
oxygen uptake, based on both empirical (17, 23) and theoret-
ical (22, 36) data demonstrating that microvascular perfusion
heterogeneity limits oxygen extraction independently of total
blood flow. Perfusion heterogeneity is a plausible mechanism
for impaired oxygenation in virtually any tissue, given that the
mechanism of impairment (namely, that some capillaries are
underperfused and deliver less oxygen, whereas others are
overperfused and effectively saturate their capacity for oxygen
delivery) is not tissue specific.

One potential cause of disease-related microvascular perfu-
sion heterogeneity is degradation of the endothelial glycocalyx
and subsequent changes in the determinants of effective blood
viscosity. The glycocalyx is a space-filling (~1 pm wide)
semipermeable layer of glycosaminoglycans and proteogly-
cans lining the luminal surface of blood vessels. Experimental
glycocalyx degradation causes microvascular perfusion heter-
ogeneity, thus reducing the number of capillaries supporting
red blood cell (RBC) flux (10, 12, 63) and decreasing oxygen
utilization (6, 11). Precisely these same derangements in mi-
crovascular perfusion are observed in sepsis (27), type 1
diabetes (25), type 2 diabetes (37), and heart failure (49), along
with findings of glycocalyx perturbation (7, 8, 34, 58) and
oxygen utilization limitations (5, 15, 48, 59). It seems likely,
then, that glycocalyx degradation could cause impairments in
tissue oxygenation secondary to microvascular perfusion het-
erogeneity.

The link between disease-mediated glycocalyx degradation
and microvascular perfusion heterogeneity has not been fully
explained. Hints of a unifying mechanism can be found in
rheological studies of blood viscosity. Pries et al. (41, 45)
observed that microvascular blood viscosity in vivo (measure-
ments performed in blood vessels) is far greater than that
observed in vitro (measurements performed in glass tubes),
particularly at the precapillary and capillary levels. This dis-
crepancy in viscosity can be mathematically accounted for by
the mechanical effects of a space-filling glycocalyx at the
endothelial surface (42).

Several distinct lines of historical data have informed our
understanding of the relationship between glycocalyx proper-
ties and microvascular perfusion independently of total blood
flow (see the schema in Fig. 1). Empirical formulations of
blood viscosity (41, 45) and their application microvascular
perfusion simulations (44) indicate that the distribution of
blood flow at microvascular bifurcations is determined by both
blood viscosity effects and differences in downstream resis-
tance. The interactions between vessel diameter and effective
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Fig. 1. Schema of established determinants of microvascular blood flow distribution based on the literature. A: relationships between parameters influencing
microvascular blood flow distribution during the transition from multifile to single file flow (leff) and during red blood cell (RBC) deformation (right). Causal
increases (i.e., increases in A cause increases in B) are indicated by solid arrows, whereas causal decreases are indicated by dashed arrows. Here, D is vessel
diameter, Q is flow rate, H is hematocrit, and v is viscosity. B: blood viscosity (y-axis) changes with changing vessel diameter (x-axis) both in vivo and in vitro.
In vitro, increasing vessel diameter increases microvascular blood viscosity at all physiologically relevant vessel diameters. In vivo, increasing vessel diameter
decreases blood viscosity at the capillary and precapillary levels but otherwise increases blood viscosity. C: ratio of daughter vessel hematocrit to parent vessel
hematocrit (y-axis) as a function of the fraction of the parent vessel flow rate received by the daughter vessel (x-axis). An idealized bifurcation in which all vessels
are 10 wm in diameter and feed hematocrit of 0.45 was simulated to create this graph. D: derivative of microvascular blood viscosity (y-axis) with respect to
vessel hematocrit (x-axis). Although increases in hematocrit increase blood viscosity both in vivo and in vitro, this effect is much stronger in vivo (41, 45).

blood viscosity (decreasing diameter decreases viscosity in
larger microvessels and increases viscosity in smaller mi-
crovessels) and between hematocrit and viscosity (increasing
hematocrit increases viscosity) introduce additional determi-
nants of flow distribution within the microcirculation compared
with a simple Newtonian fluid (Fig. 1A). Vessel diameter has
a complex interaction with effective blood viscosity in mi-
crovessels due the particulate nature of blood (Fig. 1B). In
larger microvessels (10s to 100s of micrometers in diameter),
decreasing vessel diameter is associated with decreasing vis-
cosity as RBC flow gradually shifts from multifile to single file
(i.e., shear thinning) (43). In smaller vessels (i.e., less than ~30
pm in diameter), decreasing vessel diameter is associated with
increasing viscosity as RBC deformation increases with de-
creasing vessel diameter. The shift from shear thinning to RBC
deformation occurs at a larger vessel diameter in vivo relative
to in vitro. Increasing hematocrit (fraction of vessel lumen
volume filled by RBCs) is associated with increased viscosity
regardless of scale, and this effect is most pronounced in the
smallest blood vessels. Hematocrit is increased in the higher
flow branch of a microvascular bifurcation and decreased in the
lower flow branch (40) (Fig. 1C), providing a negative feed-
back mechanism to regulate flow partition (increased flow
increases hematocrit, thus increasing viscosity and limiting the
increase in flow). The dependence of blood viscosity on he-
matocrit is nearly an order of magnitude greater in vivo than in

vitro (Fig. 1D), indicating that unequal distribution of RBCs
would incur a greater energy cost in vivo than in vitro.

In this study, we used mathematical models of blood vis-
cosity and microvascular rheology to simulate the impact of
differences in microvascular structure, blood viscosity behav-
iors, and glycocalyx properties on the distribution of blood
flow within the microcirculation. We use this simulation
method to predict the impact of glycocalyx modification (com-
mon in aging and disease) upon tissue perfusion. These data
support the hypothesis that the glycocalyx is a central regulator
of tissue perfusion and oxygenation independently of blood
flow redistribution to match metabolic demand. This finding
has important implications for tissue perfusion in health and
disease, as the glycocalyx is highly dynamic and presents a
novel therapeutic target.

METHODS

Simulation of blood flow and RBC distribution. The methods of
Pries et al. (44) were used for the simulation of blood flow and RBC
distribution. In this technique, distribution of RBCs and whole blood
(including both RBCs and plasma) at microvascular bifurcations are
determined according to an empirical formulation relating RBC dis-
tribution to vessel diameters, flow rates, and hematocrit (40). These
relationships are shown in Egs. I-5. Here, FQg is fractional RBC
flow, FQp is fractional blood flow, logit is a logistic function defined
in Eq. 1, X, is minimal fractional blood flow to support RBC flux, Do

AJP-Heart Circ Phﬁszol + doi:10.1152/ajpheart.00132.2016 - www.ajpheart.org

Downloaded from journals.physiol ogy.org/journ:

/ajpheart (106.051.226.007) on August 9, 2022.



H170

is parent vessel diameter, D; is the diameter of daughter vessel 1, D
is the diameter of daughter vessel 2, H is parent vessel hematocrit, and
A and B are empirically defined scaling parameters.
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Flow distribution was optimized at each bifurcation to ensure total
pressure drops across parallel vascular routes were equal to a relative
error of <107°. Pressure drops were assessed using established
empirical formulations of microvascular blood viscosity in vitro (glass
tubes) (41) and in vivo (blood vessels) (45) to assess the contributions
of the endothelium to regulation of blood flow distribution in vivo.
These empirical microvascular blood viscosity relationships are
shown in Egs. 6—8 (in vivo) and Egs. 6, 9, and /0 (in vitro). Here,
Mvivo 18 1In vivo blood viscosity at hematocrit H, pw, is plasma
Viscosity, pas vivo 18 in Vivo blood viscosity at a hematocrit of 0.45, C
is an empirical scaling factor that modulates the interplay between
vessel diameter and hematocrit sensitivity of blood viscosity, D is
vessel diameter (in pm), pviwo 1S in Vitro blood viscosity at hematocrit
H, and s viwo 18 in vitro blood viscosity at a hematocrit of 0.45.
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Fig. 2. Parameters used to create idealized arteriolar trees. Each parent vessel
terminates at a bifurcation of two smaller vessels. At each bifurcation, the
parent vessel is denoted by subscript 0, the smaller daughter vessel is denoted
by subscript 1, and the larger daughter vessel is denoted by subscript 2.
Bifurcation asymmetry parameter « is defined in terms of the relative diame-
ters of the daughter vessels. The length-to-diameter ratio is held constant
across vessel generations. Murray’s cube law (33) was used to define the
scaling of successive vessel generations. Here, D is vessel diameter, L is vessel
length, and the subscripts denote the vessel segments.
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Because heterogeneity of transit times (time spent within the micro-
vasculature) has been shown to be the basis for impaired oxygen transport
with heterogeneity of microvascular perfusion (22, 36), we used transit
time heterogeneity (as assessed by the SD-to-mean ratio) at both
terminal arteriole [consistent with theoretical analyses (22, 36)]
and whole network [consistent with animal studies using radiola-
beled plasma (9, 18)] levels to assess microvascular blood flow
distribution in our simulations.

Idealized arteriolar branching structure for network perfusion
simulations. An idealized arteriolar tree consisting of seven successive
vessel generations was used for all network perfusion simulations. A
vessel diameter of 50 wm at the first vessel generation was used for all
simulations, resulting in a range of vessel diameters consistent with
precapillary arterioles. A maximal diameter of 50 wm was chosen
because in vivo and in vitro blood viscosity behaviors begin to diverge at
this scale (see Fig. 1B). Terminal vessel diameters varied according to the
parameter values used but were centered on an average of 12.5 wm. Each
vessel terminated at a bifurcation characterized by the parameters shown
in Fig. 2. The parameter « = D,/D> was used to define asymmetry in
daughter vessel diameters at each bifurcation. Murray’s cube law (33)
was used to determine the scale of downstream vessels at each bifurca-
tion, and the resulting vascular tree was consistent with the L-system
fractal formalism of Zamir et al. (60). Although more sophisticated
formulations of microvascular branching structure have been developed
(4, 21, 53), the mathematical rules used in this study have been validated
as reasonable approximations of microvascular structure in a variety of
tissues (60, 61) and allow for straightforward assessment of the interac-
tions between blood viscosity formulations, microvascular structure, and
the resulting distribution of microvascular blood flow.

Simulation of glycocalyx influences on luminal plasma velocity
profiles. Whereas the analyses described above in Simulation of blood
flow and RBC distribution and Idealized arteriolar branching struc-
ture for network perfusion simulations aimed to determine differences
in perfusion predicted from in vivo and in vitro measurements, the
analysis described here aimed to determine whether these perfusion
differences can be accounted for by the mechanical influences of the
endothelial glycocalyx. The mechanical influences of the endothelial
glycocalyx derive from both its space-filling and semipermeable
nature. To assess the effects such a layer at the vessel wall on the
sensitivity of blood viscosity to hematocrit, flow velocity profiles were
developed in vessels containing an idealized glycocalyx were simu-
lated using a radial, one-dimensional finite difference approach (see
Influence of glycocalyx properties on the determinants of blood
viscosity below for examples). Simulations were performed in Matlab
2013. The glycocalyx was assumed to have a fixed width of w (in m)
and a fixed Darcy permeability of K (in Darcy units). A fixed lift
distance of 100 nm between the glycocalyx and RBC membrane was
used for these simulations. Fully developed flow and a no-slip bound-
ary condition were assumed for all simulations. Velocities at each
radial node were adjusted to achieve a uniform (relative error of
<107 19), nonzero pressure drop across a length-normalized capillary
segment, as assessed using Eqs. // and /2. A radial resolution of
12.5 nm was used for all simulations. Each simulation was repeated
twice: once assuming plasma only (Eg. /1) and once assuming a RBC
in the vessel lumen (Eq. 12). Here, L is vessel length, AP is the change
in pressure, r is the radial position within the capillary, R is the radius
of the capillary, R¢ is the radius of the RBC, and V is velocity. These
physical parameters were closely based on those used in previous
studies simulating the effect of the glycocalyx on luminal flow profiles
(14, 50, 51).
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Empirical studies of microvascular rheology have demonstrated

that effective microvascular blood viscosity depends heavily on he-
matocrit and diameter and that the relative importance of these
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sensitivities is different in vivo and in vitro (41, 45). Drawing from the
results of Secomb et al. (50), the sensitivity of microvascular blood
viscosity to hematocrit can be characterized for discharge hematocrits
(hematocrit of effluent blood in a microvessel) of less than ~0.6 based
on differences in flow resistance with and without a RBC in the vessel
lumen, as shown in Eq. 13. Here, . is effective blood viscosity, pp
is plasma viscosity, Hct is hematocrit, and K7 is the hematocrit
sensitivity of blood viscosity.

Pe = Ry X (1 + K7 X Het) (13)

RESULTS

Flow distribution in branching arteriolar networks. Obser-
vation of arteriolar branching architecture in vivo reveals that
arterioles often bifurcate into a larger vessel (usually serving a
larger downstream capillary bed) and a smaller vessel (usually
serving a smaller downstream capillary bed) (60, 61). To assess
the effects of asymmetric bifurcations in the arteriolar tree on
tissue perfusion, we first modeled flow in idealized arteriolar
networks with seven successive vessel generations, a constant
length-to-diameter ratio, and a fixed ratio of smaller daughter
vessel diameter to larger daughter vessel diameter (Fig. 3A), as
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Fig. 3. Influences of microvascular blood viscosity on microvascular perfusion heterogeneity in a simulated arteriolar tree. A: schematic of the idealized arteriolar
networks obtained by varying the bifurcation parameter « (see Fig. 1). All arteriolar networks simulated consisted of seven successive vessel generations with
fractal vessel architecture. B: heterogeneity (SD/mean) of the whole network transit time is reduced in vivo (blood vessels) compared with in vitro (glass tubes)
for all values of a. C: heterogeneity (SD/mean) of the terminal vessel transit time is reduced in vivo compared with in vitro for all values of a. D: SD of the
fractional daughter vessel flow rate is subtly increased in vivo compared with in vitro for all values of a. E: SD of the terminal vessel hematocrit is subtly
increased in vivo compared with in vitro for all values of .
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detailed in Idealized arteriolar branching structure for network
perfusion simulations.

Increasing bifurcation asymmetry results in increased heter-
ogeneity of vascular transit times (as assessed by the SD-to-
mean ratio) at both the whole vasculature (Fig. 3B) and single
vessel (Fig. 3C) levels. In both cases, the increase in transit
time heterogeneity is far more pronounced using an empirical
in vitro blood viscosity formulation than using an empirical in
vivo blood viscosity formulation. These results are in contrast
to the effects of bifurcation asymmetry on flow asymmetry
(Fig. 3D, assessed as the SD of fractional flow rate at each
bifurcation) and terminal vessel hematocrit heterogeneity (Fig.
3E, assessed as the SD of hematocrit). According to these
metrics, increases in flow and hematocrit heterogeneity are
more pronounced using an empirical in vivo blood viscosity
formulation than using an empirical in vitro blood viscosity
formulation. The apparent divergence of transit time and flow
heterogeneity results stems from the fact that larger upstream
vessels feed a larger volume of downstream blood vessels (see
Fig. 3A). Because transit time is determined by the ratio of
luminal volume to flow rate, a more pronounced asymmetry of
flow distribution at the single bifurcation level with in vivo
blood viscosity (Fig. 3D) would be expected to result in
reduced heterogeneity of vascular transit times under the same
conditions (Fig. 3B). These results indicate that the microvas-
cular perfusion heterogeneity caused by vessel diameter effects
at the arteriolar level would be more pronounced in glass tubes
than in blood vessels and that this effect is a result of the
increased effective blood viscosity in precapillary arterioles in
vivo (Fig. 1B).

Flow distribution at an idealized capillary bifurcation. Ob-
servation of capillary networks in vivo reveals that variations

Fig. 4. Influences of microvascular blood vis-
cosity on blood flow distribution at an idealized
capillary bifurcation. A: schematic of idealized
capillary bifurcation. Arrows indicate the direc-
tion of flow. Both daughter vessels and the
parent vessel are all of identical diameter.
Daughter vessels differ only in their resistance
to flow distal to the bifurcation (p; and p>). B: B

GLYCOCALYX AND PERFUSION HETEROGENEITY

in capillary diameter within a given tissue are typically minor
compared with variations in capillary length, glycocalyx di-
mensions, and other diameter-independent determinants of
capillary blood flow (30, 38, 39). To assess the differential
effects of empirical blood viscosity formulations based on
measurements taken in vivo (blood vessels) and in vitro (glass
tubes) on capillary perfusion, we simulated blood flow distri-
bution at an idealized capillary bifurcation consisting of a
6-pum-diameter parent vessel and two 6-pm-diameter daughter
vessels with unequal downstream resistances p; and p, (Fig.
4A). Downstream resistances were multiplied by blood viscos-
ity such that increases in microvessel hematocrit induced
increases in downstream resistance. As a result of the increased
hematocrit dependence of microvascular blood viscosity in
vivo, fractional flow rate at an idealized capillary bifurcation is
less dependent on downstream resistances in vivo than in vitro
(Fig. 4B). As aresult of this effect and the relationship between
fractional flow rate and downstream hematocrit (Fig. 1C), our
simulations predict that capillary hematocrits downstream of
an idealized bifurcation would be more different using an
empirical in vitro blood viscosity formulation than an empirical
in vivo blood viscosity formulation (Fig. 4C). These results
indicate that an increased hematocrit dependence of blood
viscosity (Fig. 1D) limits microvascular perfusion heterogene-
ity at the capillary level in blood vessels relative to glass tubes.

Influence of glycocalyx properties on the determinants of
blood viscosity. To clarify the contributions of the endothelial
glycocalyx specifically (rather than predicting differences in
blood flow distribution in blood vessels as opposed to glass
tubes), we used a one-dimensional finite difference approach to
simulate the influences of glycocalyx permeability and width
on the sensitivity of blood viscosity to hematocrit and the
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effective viscosity of blood at the capillary level in isolation of
other influences. Drawing from previous studies (14, 50, 51),
we elected to test the effects of glycocalyx permeability and
width. Flow profiles at near-physiological values of glycocalyx
permeability (Ko = 107'° Darcy) and width (0.75 wm) were
consistent with those reported in previous studies (Fig. 5A).
Note that some of the studies referenced above reported hy-
draulic resistivity (the inverse of permeability) or water per-
meability (permeability to water) rather than Darcy permeabil-
ity per se. Literature values for glycocalyx permeability are
largely consistent when presented in similar units.

The sensitivity of microvascular blood viscosity to hemato-
crit decreases with increasing glycocalyx permeability regard-
less of glycocalyx width, and this effect is most pronounced at
near-physiological values (14, 50, 51, 52, 56) for glycocalyx
permeability (Fig. 5B). The sensitivity of blood viscosity to
hematocrit varies relatively little with glycocalyx width within
the range of literature reported values (3, 24, 42, 47, 56). The
effective viscosity of blood (hematocrit = 0.45) at the capillary
level decreases with increasing glycocalyx permeability, and
this effect is further modulated by glycocalyx width (Fig. 5C).
In total, our results indicate that the sensitivity of blood
viscosity to hematocrit is primarily determined primarily by
glycocalyx permeability. The effective viscosity of blood in the
microcirculation is strongly modulated by both glycocalyx
permeability and glycocalyx width.

DISCUSSION

The simulations outlined in this study were performed to
clarify the contribution of the endothelial glycocalyx to the
regulation of microvascular blood flow distribution. Collec-
tively, our results indicate that the endothelial glycocalyx
increases the homogeneity of microvascular perfusion by en-

: L glycocalyx L

-

glycocalyx r "

w
o
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hancing interactions between RBCs and the vessel wall within
the microcirculation. By comparing flow distributions pre-
dicted with empirical in vivo (blood vessels) and in vitro (glass
tubes) formulations of blood viscosity in idealized arteriolar
trees with unequal downstream diameters at each bifurcation,
we show that blood vessels promote homogenous perfusion in
branching microvascular networks. By comparing flow distri-
butions predicted with empirical in vivo and in vitro formula-
tions of blood viscosity at an idealized capillary bifurcation, we
show that the increasing marginal energy costs associated with
cellular flow promotes homogenous perfusion at the capillary
level. Finally, by comparing luminal plasma velocity profiles
and pressure gradients with and without a RBC in the vessel
lumen across a wide range of values for glycocalyx width and
permeability, we show that the sensitivity of microvascular
blood viscosity to hematocrit at a given vessel diameter is
determined primarily by glycocalyx permeability while the
increased effective viscosity of blood is strongly influenced by
both the width and permeability of the glycocalyx. In total, our
simulations suggest that the presence of a semipermeable,
space-filling glycocalyx layer in the vessel lumen is sufficient
to promote homogeneity of microvascular perfusion by en-
hancing RBC interactions with the endothelium.

A nontechnical summary of our findings is shown in Fig. 6.
Our simulations begin at the precapillary arteriolar level (di-
ameter < 50 wm) and end at the capillary level. Because the
majority of the pressure drop in the arterial circulation has
already occurred at this point, the redistribution of blood flow
to meet metabolic demands occurs upstream of the microves-
sels considered in this analysis. Oxygen delivery (as opposed
to blood flow) may still be modulated by the homogeneity/
heterogeneity of blood flow and RBC distribution. At the
precapillary arteriolar level, daughter vessel diameters at any

T
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Fig. 5. Effects of glycocalyx properties on the
determinants of blood viscosity. A: representative
velocity profiles within the vessel with and without
a RBC in the lumen. Shaded gray areas represent
the glycocalyx. Compare with the results of Sec-

omb et al. (50). B: sensitivity of microvascular
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Pre-Capillary Arterioles

Total flow rate
determined by
arterial in-flow

* Diameter and hematocrit
effects determine flow
distribution

* Both glycocalyx width
and glycocalyx
permeability modulate
flow distribution

GLYCOCALYX AND PERFUSION HETEROGENEITY

Capillaries

Drainage to venous
circulation

¢ Hematocrit effects
determine flow
distribution

* Glycocalyx permeability
modulates flow
distribution

Fig. 6. Summary of findings. Our simulations concern the distribution of blood flow and RBCs within precapillary arterioles and capillaries. At this level of the
circulation, total flow rate has already been determined by upstream arteries. At the arteriolar level (see Flow distribution in branching arteriolar networks and
Fig. 3), both diameter and hematocrit dependencies of blood viscosity influence flow distribution. At the capillary level (see Flow distribution at an idealized
capillary bifurction and Fig. 4), the hematocrit dependency of blood viscosity modulates flow distribution. Based on the influences of glycocalyx properties on
the diameter and hematocrit dependencies of blood viscosity (see Influences of glycocalyx properties on the determinants of blood viscosity and Fig. 5), this
suggests that both glycocalyx width and permeability modulate flow distribution at the arteriolar level, whereas glycocalyx permeability is the primary

determinant at the capillary level.

given bifurcation may be unequal, making both the diameter
and hematocrit dependencies of blood viscosity (see Fig. 1)
important to arteriolar blood flow distribution. These results
are discussed in Flow distribution in branching arteriolar
networks. At the capillary level, daughter vessel diameters are
likely to be similar at any given bifurcation, making the
hematocrit dependency of blood viscosity an important deter-
minant of capillary blood flow distribution. These results are
discussed in Flow distribution at an idealized capillary bifur-
cation. Endothelial glycocalyx width influences the diameter
the diameter dependency of blood viscosity (primarily impor-
tant at the arteriolar level), whereas glycocalyx permeability
influences the hematocrit sensitivity of blood viscosity (pri-
marily important at the capillary level). These results are
discussed in Influence of glycocalyx properties on the deter-
minants of blood viscosity. Collectively, our data are consistent
with perturbed capillary perfusion under conditions that in-
crease glycocalyx permeability (10, 12, 63), consistent with the
increased width of the glycocalyx at the arteriolar level relative
to the capillary level (24), and suggest that the endothelial
glycocalyx promotes homogenous distribution of blood flow
and RBCs within the microvasculature.

The physiological implications of our simulation results are
best understood in light of the knowledge that heterogeneous
distribution of oxygenated blood within the microvasculature
limits effective tissue oxygenation (17, 23, 22, 36). Enzymatic
degradation of the glycocalyx by hyaluronidase or heparinase
has been reported to acutely redistribute flow to a smaller
number of capillaries at a higher hematocrit (10, 12). In
addition, hyaluronidase treatment has been shown to markedly
increase the heterogeneity of flow velocities in both arterioles
and venules (see Fig. 1 in Ref. 10). These results support our
finding that glycocalyx permeability is an important determi-
nant of perfusion homogeneity/heterogeneity, given that the
hyaluronan component of the glycocalyx is a major determi-
nant of glycocalyx permeability (20). Furthermore, glycocalyx

shedding during adenosine infusion (6) or systemic inflamma-
tion (11) has been shown to be associated with reduced oxygen
extraction, as would be expected in the case of increased
perfusion heterogeneity (17, 23, 22, 36). Our finding that the
glycocalyx is a crucial regulator of microvascular perfusion
and tissue oxygenation independently from total blood flow is
consistent with these clinical and experimental observations.

Reports of impaired microvascular perfusion in diabetes
further support the clinical relevance of our simulation results.
Direct measurement endothelial glycocalyx properties in hu-
man diabetes reveals decreased glycocalyx width and increased
glycocalyx permeability, which can be partially reversed by the
diabetic medications metformin and sulodexide (7, 13). The
microvascular effects reported with either enzymatic glycoca-
lyx degradation or diabetes are also recapitulated by short-term
hyperglycemia, which acutely increases vascular permeability
and increases heterogeneity of capillary perfusion (63). The
results of Frisbee et al. (16) are of particular interest, showing
divergence of arterial perfusion and skeletal muscle fatigue
resistance in the obese Zucker rat (a common animal model of
type 2 diabetes) owing to impaired oxygen extraction. This
effect was determined to stem from increased heterogeneity of
microvascular perfusion (18), which also caused an increase in
capillary hematocrit heterogeneity (consistent with the effects
of enzymatic glycocalyx degradation) (9), and has been deter-
mined to contribute to peripheral vascular disease in this model
(17). A reduction in the fraction of capillaries supporting RBC
flux has been reported in animal models of both type 1 diabetes
and type 2 diabetes (25, 37). Given the striking similarity
between these profiles of altered capillary hematocrit and given
that perturbed oxygen extraction during exercise has been
demonstrated in human diabetes (1, 62), these data are once
again consistent with our finding that the sensitivity of blood
viscosity to hematocrit imparted by the glycocalyx is a crucial
regulator of microvascular perfusion and tissue oxygenation
independent from total blood flow.
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The protective effects of the endothelial glycocalyx (54)
may include promoting homogenous microvascular perfusion
and thus improving tissue oxygenation. This is of clinical
relevance as microvascular perfusion heterogeneity is found in
sepsis (27), aging (28), diabetes (18), chronic heart failure (46),
peripheral arterial disease (2), cancer (29), and pulmonary
hypertension (32), among others. Our findings of microvascu-
lar perfusion heterogeneity with glycocalyx degradation are not
entirely novel (10, 12). The simulations in this study are,
however, the first to explicitly define a mechanism for in-
creased microvascular perfusion heterogeneity under condi-
tions of glycocalyx degradation (marginal energy costs of
increasing hematocrit being inversely related to glycocalyx
permeability). In addition, this study is also the first to our
knowledge to mechanistically link glycocalyx degradation to
impaired tissue oxygenation.

There are certain limitations of the analyses included in this
study. The first is that the formulation of arteriolar branching
used here does not necessarily represent real microvascular
architecture (4, 21, 53). Specifically, the use of Murray’s cube
law (33) may influence our results. However, simulations using
alternative power scaling laws with powers both >3 and <3
yielded qualitatively similar results to those reported here, and
the formulations used here have been validated elsewhere as
approximations of arteriolar branching structure in a variety of
tissues (60, 61). Moreover, our simplified vascular architecture
lends itself to straightforward analysis of the complex interplay
between blood viscosity and microvascular architecture, the
results of which can be applied to tissue-specific properties in
future studies. In addition, our analysis of flow partitioning at
an idealized capillary bifurcation could conceivably fail to
generalize to an entire capillary network. There is ample
empirical evidence, however, that the predicted alterations in
capillary perfusion do in fact occur if the glycocalyx is de-
graded (10, 12, 63). Finally, the empirical formulation of in
vivo blood viscosity used in this study was derived from
measurements in the rat mesentery (45) and may not generalize
to other species or vascular beds. Based on our finding that the
semipermeable nature of the glycocalyx is sufficient to reca-
pitulate key differences between the referenced in vivo and in
vitro blood viscosity formulations and given the similarity of
our results to previous simulation results (14, 50, 51), it
appears likely that our findings represent a general property of
the endothelial glycocalyx and not an organ-specific or species-
specific effect. Our finding that the endothelial glycocalyx
limits microvascular perfusion heterogeneity by increasing the
influence of RBC-vessel wall interactions holds great promise
for future mechanistic studies in a variety of disease states
known to involve both glycocalyx degradation and tissue
oxygenation defects.
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