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Abstract

Objective—To estimate the relative influence of input pressure and arteriole rarefaction on
gastrocnemius muscle perfusion in patients with peripheral arterial disease (PAD) after exercise
and/or percutaneous interventions.

Methods—A computational network model of the gastrocnemius muscle microcirculation was
adapted to reflect rarefaction based on arteriolar density measurements from PAD patients, with
and without exercise. A normalized input pressure was applied at the feeder artery to simulate
both reduced and restored ankle-brachial index (ABI) in the PAD condition.

Results—In simulations of arteriolar rarefaction, resistance increased non-linearly with
rarefaction, leading to a disproportionally large drop in perfusion. Additionally, perfusion was less
sensitive to changes in input pressure as the degree of rarefaction increased. Reduced arteriolar
density was observed in PAD patients and improved 33.8% after 3 months of exercise. In model
simulations of PAD, ABI restoration yielded perfusion recovery to only 66% of baseline. When
exercise training was simulated by reducing rarefaction, ABI restoration increased perfusion to
80% of baseline.

Conclusion—Microvascular resistance increases non-linearly with increasing arteriole
rarefaction. Therefore, muscle perfusion becomes disproportionally less sensitive to ABI
restoration as arteriole rarefaction increases. These results highlight the importance of restoring
both microvascular structure and upstream input pressure in PAD therapy.
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INTRODUCTION

Peripheral arterial disease (PAD) is caused by atherosclerotic plague formation in the
peripheral arteries, resulting in reduced blood flow to the lower extremities [3].
Approximately 12 million people are diagnosed with PAD in the United States alone [33].
As PAD prevalence increases with age (6% in individuals aged 50-60 years versus 10-20%
aged >70 years) and both smoking and diabetes are causative factors, this number is likely to
grow given our aging population and spread of the Western lifestyle worldwide [4,5,26,33].

There are two distinct clinical manifestations of PAD: critical limb ischemia (CLI) and
intermittent claudication. Critical limb ischemia is the more severe form of PAD (11% of all
PAD patients), wherein patients experience pain even at rest. Intermittent claudication is the
more common form of PAD and is defined as calf or buttock pain with walking due to
inadequate blood flow that is relieved with rest [3,32,33]. Currently, surgical and catheter-
based revascularization approaches are used when patients have claudication that interferes
with their lifestyle [48]. However, it has been shown that, while revascularization methods
restore ankle-brachial index (ABI), which is defined as the ratio of the highest blood
pressure in the posterior tibial or dosalis pedis artery to the highest blood pressure in the
either brachial artery, many patients experience no significant improvement in tissue
perfusion [3,49]. These findings suggest that PAD patients exhibit elevated hydraulic
microvascular resistance in peripheral skeletal muscle that, in turn, impairs perfusion
restoration, even when ABI is improved.

In support of this hypothesis, increased levels of skeletal muscle cell apoptosis and muscle
atrophy in the gastrocnemius have been observed in patients with PAD [30]. Capillary
density is reduced in this population as well, although it can be improved with supervised
exercise [12]. While these results implicate the contribution of decreased capillary density to
poor reperfusion, blood flow and nutrition supply in skeletal muscle are also governed by
terminal arterioles upstream of the capillaries [43]. Importantly, terminal arteriole
rarefaction (i.e. reduction in total number of arterioles) has been observed in arteriolar
networks under pathological conditions, particularly in hypertensive animals [9,17,24,46].
We therefore hypothesized that the rarefaction of terminal arterioles in peripheral skeletal
muscle also contributes substantially to the observed lack of perfusion restoration in
response to surgical intervention.

To address this hypothesis and investigate the effects of arteriole input pressure and
rarefaction on perfusion, we utilized a computational arteriolar network model based on
morphological measurements of the rat gastrocnemius muscle microcirculation. In addition,
we made pre-capillary arteriolar density measurements on biopsy specimens from human
PAD patients. Skeletal muscle perfusion changes were then estimated by applying both
relative arteriolar density and input pressure (set as proportional to ABI) changes from PAD
patients to the model. The key result from this study is that microvascular resistance is
predicted to increase non-linearly with increasing rarefaction. Because of this effect, muscle
perfusion can become disproportionally less sensitive to ABI restoration as arteriole
rarefaction increases.
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MATERIALS AND METHODS

Computational Network Model Construction and Solution

A computational hemodynamic network model of an arteriole tree was constructed based on
detailed morphological measurements of the gastrocnemius muscles of male Sprague-
Dawley rats (final weight 441+ 7g), as previously reported by Binder et al. and listed in
Table 1 [8]. The branch order of the tree was assigned using a centrifugal system where a
parent arteriole of order N gives rise to smaller diameter arterioles of order N+1. The
number of arterioles per order was used to determine the number of nodes along each vessel.
For a given order N, the total number of terminal nodes, or nodes that branch into two
segments of lower order, was the total number of arterioles. The total number of
intermediate nodes (i.e. nodes that branch into one segment of a lower order and one of the
same order as the parent segment) was the total number of arterioles in the N+1 order minus
twice the number of terminal nodes in the N order. These intermediate nodes were evenly
distributed among vessel of the given order. Nodes were then numberd such that: (1) nodes
in higher order vessels are indexed before those in a lower order vessel, and (2) intermediate
nodes proceed any terminal nodes in vessels of the same order (Figure 1A).

The model solution was initiated by assigning input and output pressure boundary
conditions. The pressure of all output nodes was assigned as 10mmHg to represent capillary
pressure. Input pressure to the 2A feed arteriole was assigned as 80% of an assumed normal
mean systemic pressure of 100mmHg. For the initial iteration of the model, the apparent
viscosity (7)) of each node-to-node segment was assigned as 4 cP and the discharge
hematocrit (Hp) as 0.45 [8]. Arteriole segment conductance was computed assuming
Poiseuille flow (Eq.1),

_ 7w D4
128nL

@

where D is segment diameter and L is vessel segment length. Flow through a vessel segment
bounded by nodes i and j (Qjj) is described by
Qi=Ci;(Pi—F;) @

where P is the pressure at a given node and C is the conductance through the segment. As
mass is conserved at each node, XQ; = 0. A system of linear equations can therefore be
generated into the matrix form:

CP=Q @3

Flow values were used to update Hp values using an empirically derived red blood cell
distribution relationship (Eq 4) [37].
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Here, o is the red blood cell flux fraction entering one of the daughter branches, v is the
flow fraction entering that branch, and D, D, D5 are the diameters of the parent and two
daughter branches. The resulting hematocrits are then used to calculate apparent viscosity in
each arteriole segment using Eq.5 [37].

_ (-H,)=1( p \? D \?
n= {1+(77**1)<1,0i)5)071 (D—l.l) (D—l.l)
where n* :6670'08517—1—3.2—2.4467'06130'645 )
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These new apparent viscosities were re-inserted into Eq. 3 to update flow in each arteriole
segment. This process was repeated until the change in viscosity of a segment between
consecutive iterations was within < 0.02 cP [8].

Vessel Rarefaction in an Individual Tree

Vessel segments of a given order were removed from the tree at random to simulate a given
degree of rarefaction (Figure 1A-C). The vessel that underwent rarefaction and all vessels
downstream were then assigned a conductance of 0.01. This value was chosen to ensure the
segments that experienced rarefaction had effectively no flow. If two vessels that underwent
rarefaction originated from the same higher order parent vessel, the parent vessel also
underwent rarefaction. Input pressure to the 2A arteriole was set to 80mmHg, 80% of
systemic pressure, and vessels that experienced rarefaction were excluded from hematocrit
correction.

Whole Muscle Perfusion

A total of 8 individual trees were placed equidistant along a main feeder artery to simulate
the entire arteriolar network of the gastrocnemius. For each individual tree placed
equidistant along a main feeder artery, vessels of a given order in that individual tree were
removed at random to simulate the given degree of rarefaction as described above.
Conductance was calculated as the quotient of total flow and pressure change across the
individual arteriole tree. This was repeated for each individual arteriole tree along the main
feeder artery (Figure 1D). To obtain the flow in each segment of the main feeder artery and
to calculate total muscle perfusion, each individual tree along the main feeder artery was
assigned the previously calculated conductance and mass conservation was applied at each
node. The main feeder artery input pressure was assumed to be 80mmHg and was
normalized by a scaling factor ranging from 1.0 — 0.5 to determine influence of input
pressure on total perfusion. Main feed artery output pressure was assigned as 2mmHg less
than the input pressure and transverse arteriole output pressure as capillary pressure
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(10mmHg) [8]. The conductance of the feed artery was calculated assuming Poiseuille flow
and vessel diameter of 240um and an estimated length of 3cm based on measurements from
a previous study on Sprague-Dawley rats of a similar size [11].

Exercise Training and Immunohistological Analysis

Research protocols in this study were approved by the institutional review boards at Duke
University and the University of Colorado. Patient selection, exercise training, biopsy
collection, and immunohistological analysis were performed as previously published [12].
Briefly, PAD subjects had symptom-limiting intermittent claudication and an ABI <0.90 at
rest or a 20% decrease in ABI after exercise, or angiographic evidence of PAD. PAD
subjects performed supervised exercise three times per week until 36 sessions were
complete. Exercise consisted of walking on a treadmill at the workload at which
claudication onset was documented with rest given as necessary. Exercise and rest cycles
were repeated during each training session until an accumulation of 30-40 minutes of active
walking was completed. Skeletal muscle biopsies (20-40mg) were taken from the medial
aspect of the gastrocnemius at 0, 3, and 12 weeks. These biopsies were sectioned and stained
with a mouse anti-human CD31 antibody (clone 9G11, 20pg/mL, R&D systems, Inc)
followed by goat anti-mouse Alexa Fluor 488 conjugated secondary antibody (40ug/mL).
Two fields of view were imaged at a final magnification of 100x on a Zeiss LSM 510-UV
confocal microscope. Arteriolar density was determined as the number of non-capillary
(>5um diameter) CD31* vessels per mm? of tissue by a trained blinded observer. Only PAD
patients that completed the exercise protocol and provided biopsies at 0, 3, and 12 weeks
were included in our analysis (n=18).

Statistical Analysis

A one way ANOVA followed by post-hoc testing using the Bonferroni correction for
multiple comparisons was performed for arteriolar density measurements in PAD patients
with supervised exercise and for simulations of PAD conditions. Probability values of <0.05
were considered significant for all tests.

RESULTS

Arteriole rarefaction in simulated individual arteriole tree

To investigate how rarefaction of different caliber vessels affects perfusion, we simulated
~10-80% random rarefaction of arterioles in both 4A and 7A order vessels in our
computational model of an arteriole tree with input pressure of 80mmHg (Figure 1A-C).
These two vessel orders were chosen to compare resistance arteries (4A), which are known
to have a large influence on microvascular network resistance [15] and intraluminal pressure
drop across the network][8], to pre-capillary vessels (7A) that do not [8]. Not unexpectedly,
across the entire range of simulated rarefaction, the rarefaction of 4A arterioles decreased
total arteriolar density (Figure 2A) and total relative perfusion (Figure 2B) to a greater
extent than a similar degree of rarefaction in 7A arterioles. Furthermore, for both the 4A and
7A rarefaction simulations, the curves became steeper (i.e. greater negative slope) with
increasing vessel drop-out, such that increasing the level of rarefaction led to a
disproportionally large increase in resistance and drop in perfusion.
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In contrast to 7A rarefaction, the removal of one 4A vessel could lead to the dropout of an
entire portion of the arteriole tree due to the additional removal of all its daughter vessels
resulting in large, avascular areas along the tree. Furthermore, relative dispersion
measurements of 1125-Jabeled albumin washout experiments support an increase in perfusion
spatial heterogeneity throughout the gastrocnemius microvasculature in an experimental
model of peripheral vascular disease [13]. In individual arteriolar tree simulations, 4A
rarefaction leads to an increase in flow heterogeneity as measured by the coefficient of
variation of total perfusion compared to a similar degree of 7A rarefaction (Figure S1).
Finally, in our model, an extremely high degree of 7A rarefaction (~70%) would be required
to obtain a 50% reduction in arteriolar density from baseline whereas only ~50% of 4A
arterioles would need to undergo rarefaction to obtain the same arteriolar density. Since
rarefaction of 4A vessels is able to better simulate the large avascular regions observed in
clinical and experimental models of PAD as well as the perfusion heterogeneity observed in
an experimental model of PAD, this mode of rarefaction was use for all subsequent
simulations.

Whole muscle perfusion in simulated PAD

We next sought to investigate the effect of 4A rarefaction on whole muscle perfusion in
PAD. A normalized input pressure to the feed artery was used to simulate the ankle-brachial
index (ABI) range in human PAD patients, with the assumption that the input pressure in
our model scales proportionally with ABI. Total relative perfusion was calculated for six
levels of 4A rarefaction (0%, 22%, 33%, 44%, 55%, and 77%) across a range of normalized
input pressures (Figure 3). As expected, a decrease in normalized input pressure or increase
in rarefaction resulted in decreased muscle perfusion. Interestingly, as the degree of
rarefaction increased, total gastrocnemius perfusion was less sensitive to changes in
normalized input pressure. This phenomenon is evident in the reduced slope seen with
increasing rarefaction in Figure 3. As the slope is proportional to the conductance of the
microvascular tree, the diminished response to upstream revascularization is directly related
to the reduced conductance caused by rarefaction.

Microvascular Rarefaction and Perfusion Estimation in Human PAD Patients

Avrteriolar (>5 pm diameter) density for human gastrocnemius biopsies for healthy patients,
PAD patients, and PAD patients after either three weeks or twelve weeks of regular,
supervised exercise are presented in Figure 4. Only PAD patients that completed the
exercise protocol and provided biopsies at each time-point were included in our analysis
(n=18). In normal, healthy patients approximately 30 arterioles were counted in each field of
view. PAD patients exhibited a significant decrease in baseline arteriolar density (54.2 £
0.07% of normal patients). Patients with PAD that performed regular supervised exercise for
three months showed an increase in arteriolar density (33.75% increase) compared to PAD
patients without exercise, although this was not statistically significant (p = 0.283). While
exercise tended to improve arteriolar density in PAD patients, it was only able to restore up
to 72.5 + 0.11% of that in healthy patients. These data imply that patients with PAD
experience microvascular rarefaction and that exercise decreases the extent of this
rarefaction, though only partially, as a significant deficit in microvascular density remains
despite exercise.
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We then simulated the effects of PAD, both with and without the therapeutic options of
exercise and/or percutaneous intervention, on gastrocnemius perfusion in our computational
model. In our baseline PAD simulations, 44% of 4A arterioles underwent rarefaction to
reflect a similar reduction in arteriolar density (56% of baseline, Fig. 2A & Fig. 4) as
measured in human PAD patient biopsies. Exercise was then simulated by decreasing the
fraction of 4A arterioles experiencing rarefaction to 22% to reflect the increase in arteriolar
density (78% of baseline, Fig. 2A & Fig. 4) in PAD patients after 3 months of supervised
exercise. Exercise alone modestly increased total perfusion from 40.35 + 0.01 to 48.77 £
0.02% from baseline in simulated PAD conditions (Figure 5).

While exercise can reduce the degree of rarefaction in PAD patients, lower extremity bypass
surgery has been demonstrated to improve ABI to near normal levels [14,49]. For our
model, an increase of normalized input pressure from 0.6 to 0.9 was used to simulate
percutaneous interventions based on a recent study wherein 10 PAD patients demonstrated
an increase in resting ABI from 0.62 + 0.17 to 0.93 £ 0.25 10-months after lower extremity
percutaneous intervention [51]. Our model estimates that as the degree of vessel rarefaction
increases, restoring ABI results in a progressively smaller restoration of perfusion (Figure
3). We therefore simulated a percutaneous intervention to restore ABI both with and without
a simultaneous reduction in arteriolar rarefaction (44% to 22%) to mimic exercise training.
Consistent with our prediction, we observe that increasing ABI from 0.6 to 0.9 improved
total perfusion to 66.52 + 0.02% of baseline in patients with 44% rarefaction alone.
However total perfusion was restored to 80.04 + 0.03% of baseline when ABI was increased
from 0.6 to 0.9 and the degree of arteriolar rarefaction was simultaneously reduced to mimic
the effects of exercise (Figure 5).

DISCUSSION

The objectives of this study were (i) to develop and implement a computational network
model capable of determining the effects of arteriole rarefaction and arteriole input pressure
on gastrocnemius perfusion and (ii) to use this model to predict how supervised exercise
and/or percutaneous interventions will affect perfusion in PAD patients exhibiting reduced
peripheral skeletal muscle arteriolar density. To achieve these objectives, we constructed a
computational arteriolar network model based on previously published morphological
measurements of the rat gastrocnemius muscle. Similar modeling approaches have been
used to study microvascular remodeling [8,15,16,22,34-36,38,39] and the influence of
capillary rarefaction [15] on hemodynamics. By removing different fractions of 41 and 7t"
order arterioles in a spatially randomized manner and calculating total network flow, we
determined that perfusion decreases non-linearly with increasing rarefaction. Next, the
model was adapted to simulate baseline PAD conditions and perfusion changes in PAD
resulting from exercise and/or percutaneous interventions by adjusting arteriole density and
input pressure based on measured values. The pivotal prediction from this model is that, as
the level of microvascular rarefaction increases, peripheral skeletal muscle perfusion
becomes considerably less sensitive to input pressure restoration. Thus, the computational
model recapitulates a key element of clinical PAD studies of patients with intermittent
claudication, wherein perfusion restoration was not proportional to ABI restoration within
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subjects with claudication [49], and suggests that these clinical results may be due to a non-
linear relationship between microvascular rarefaction and hydraulic resistance.

Computational Models of Microvascular Remodeling and Resistance

Computational network models have been used extensively in the past to examine how
changes in microvascular network structure affect whole-network hemodynamics
[6,8,47,15,16,22,34-36,38,39]. Indeed, we used an earlier version of the gastrocnemius
muscle computational model to accurately predict flow increases due to arteriolar
remodeling in response to exercise training [8]. Our current model applies the relative
changes in human arteriolar densities observed in PAD patients to a model of the rat
gastrocnemius to predict the influence of PAD, exercise, and percutaneous interventions on
perfusion. We used data from rat specimens to construct the model because no whole mount
or three-dimensional anatomical data detailing the microvascular morphology of the human
gastrocnemius currently exists. Indeed, imaging techniques such as magnetic resonance
angiography (MRA) and computed tomography angiography (CTA) do not have the spatial
resolution necessary to reveal microvascular structure at the level of the terminal arterioles,
which lie immediately upstream of the capillaries. Nonetheless, despite being based on data
from rat microcirculation, the model was fully capable of predicting relative changes in
muscle perfusion, which we believe is still useful for understanding the fundamental
relationship between rarefaction and network perfusion in PAD and to generating
hypotheses to guide future experiments regardless of species.

Another potential limitation of this study is the application of data from cross-sectioned
specimens to a network model. Similar histological analyses of cross-sectioned human
gastrocnemius muscle biopsies have been used previously to draw conclusions about
capillary density [12,42], muscle fiber morphology [40], and apoptosis [30] in patients with
PAD. However, we also acknowledge that biopsy specimens may not fully capture spatial
heterogeneities in rarefaction that may occur in patients with PAD. Moreover, potential
differences in the morphological properties of the vasculature in patients with PAD, such as
branching patterns, vessel diameter, vessel reactivity, and muscle metabolism were not
incorporated into our model, though each may affect muscle perfusion. The contributions of
each factor could be assessed in future iterations of our model as imaging methods continue
to improve toward enabling the non-invasive, three-dimensional analysis of the human
microvasculature and as we continue to better understand the pathophysiology of PAD.

The current iteration of our model showed that 4A rarefaction yielded greater resistance
changes than 7A rarefaction. This result was not only intuitive and expected, but also
supported by a previous study showing the larger arteriole rarefaction elicits a greater impact
on resistance increase [15]. The model also predicted that, as arteriolar rarefaction increases,
microvascular resistance will increase non-linearly. This relationship between rarefaction
and resistance was also not unexpected as previous computational modeling studies have
shown similar results. For example, total perfused capillary surface area begins to decrease
rapidly when ~70% of capillary entrances are blocked [6], and a similar type of relationship
exists between resistance and the fraction of capillaries that are obstructed due to leukocyte

plugging [47].
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In contrast to our results, a previous study aimed at determining the influence of arteriole
network changes in hamster cheek pouch on total peripheral resistance yielded smaller
resistance increases for similar degrees of rarefaction [15]. Moreover, resistance did not
increase exponentially as rarefaction increased [15]. One possible explanation for these
differences could stem from morphological and topological differences between the
networks. Additionally, 4A rarefaction was not extended over the same range used in our
study, and it is possible that similar relationships would be observed with their model at
higher rarefaction levels. The current model also uses a set arrangement of vessels in each
order. It has been shown that variation in the placement of the vessels can cause variation in
the predicted value [8,15].

Predicted Influence of PAD, Exercise, and/or Percutaneous Interventions on Perfusion

To our knowledge, this computational network model is the first to provide estimates of
relative perfusion as a function of input pressure and arteriolar density in PAD. We
ultimately chose to use 4A rarefaction in our perfusion estimates as it also resulted in the
dropout of all smaller downstream arterioles and therefore better simulated clinical and
experimental models of PAD in which there is heterogeneous perfusion [13] and large
avascular, necrotic regions within the gastrocnemius [18,27]. Exercise is recommended for
PAD patients [1] and has been shown to improve arteriolar density, capillary density [42],
perfusion [12,19], and patient functional outcomes [19,20]. Additionally, we show a trend of
increased arteriolar density after 3 months of supervised exercise in PAD patients with
intermittent claudication and was simulated in our model by choosing a 4A rarefaction level
that approximated arteriolar density as measured in biopsies of these patients. Percutaneous
interventions were simulated by increasing input pressure in proportion to clinical ABI
measurements. Due to the non-linear relationship between rarefaction and microvascular
resistance in the arteriole tress, ABI restoration led to disproportionally lower perfusion at
higher rarefaction levels. These results are consistent with the lack of observed perfusion
improvement in PAD patients with intermittent claudication that underwent vascular surgery
to restore ABI from 0.6 to 0.9 [49]. When we simulate the effects of exercise by reducing
rarefaction, ABI restoration increases perfusion to a greater extent. Thus, our results predict
that revascularization may be more effective in restoring perfusion when arteriolar
rarefaction is also reduced in PAD patients. To our knowledge, only one clinical study has
investigated the combination of exercise and/or revascularization on perfusion in PAD
patients with intermittent claudication. In this study, the addition of training to surgery
created a trend of improved maximal calf blood flow, though these results were not
statistically significant [25].

Our results may also have bearing on the interpretation of clinical trials to restore upstream
perfusion pressure via revascularization or to therapeutically stimulate angiogenesis
[10,21,23,28,40,41,44,45]. Stenting of the iliac artery has been shown to have no
measureable effect on gastrocnemius muscle perfusion in humans [49]. Moreover, the
results of the CLEVER trial demonstrated that supervised exercise improved peak treadmill
walking time to a greater extent than stent revascularization in PAD patients with
claudication, highlighting the need to restore the underlying microvasculature to improve
patient outcome [31]. Indeed, both our model predictions and a recent experimental study
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using myoglobin transgenic mice suggest the need to restore microvascular structure [29].
Our data support the hypothesis that a combination of microvascular expansion via exercise
and stenting of a large vessel would be an “optimal” treatment, though that clinical study has
not yet been definitively completed. However, if given a choice between revascularization
of a large vessel versus microvascular expansion of terminal arterioles and capillaries via
exercise, the latter would be predicted to have a greater effect on muscle perfusion and on
improving clinical outcomes in PAD patients with intermittent claudication.

Moreover, it is also important to emphasize that, while arteriogenesis and angiogenesis can
markedly expand microvascular networks and increase perfusion, tissue clearance and
metabolism may also contribute toward the recovery from vascular occlusions [27]. In PAD
patients, while metabolism, muscle perfusion, and stenosis severity correlate with functional
outcomes, there is an uncoupling of calf muscle perfusion and metabolism [2]. In addition,
peak walking time in PAD patients with intermittent claudication subjected to 12 weeks of
exercise training correlates with a decrease in plasma short-chain acylcarnitine
concentration, which reflects the metabolic state of the muscle, but does not correlate to
perfusion [19]. In all, these studies highlight the need for future studies investigating the
interactions of arteriogenesis, angiogenesis, and tissue clearance and metabolism. Future
strategies utilizing concomitant targeting of upstream pressure restoration via arteriogenesis
or percutaneous intervention, microvascular function, and muscle repair may prove a more
effective therapeutic approach for patients suffering from PAD.
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Figure 1. Schematic of arteriolar network generation
Vessel rarefaction in individual arteriole trees with (A) 0%, (B) 44% rarefaction of 7A

vessels, (C) and 44% rarefaction of 4A vessels. (D) In whole muscle perfusion simulations,
individual arteriole trees with a given degree of random rarefaction (44% of 4A vessels
here) were placed equidistant along a main feeder artery. Total conductance was calculated
for each individual arteriole tree.
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Figure 2. Increasing degree of rarefaction leads to a disproportionally large drop in perfusion
A computational network model of an arteriole tree with a constant input pressure was

constructed based on the measurements listed in Table 1. Rarefaction was simulated by
randomly selecting arterioles of a given order and setting the conductance and all
corresponding downstream vessel conductance to 0.01. Percentage of arterial tree remaining
(A) and total relative perfusion (B) were calculated for ~10% through ~80% rarefaction in
both 4A and 7A branching order arterioles (n=10). Data are mean + standard deviation.
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Figure 3. Muscle perfusion restoration is less sensitive to input pressure increases at high
rarefaction levels

Total mean perfusion relative to baseline (0% rarefaction and 1.0 normalized input pressure)
calculated for normalized input pressures ranging from 0.5 — 1.0 with 0%, 22%, 33%, 44%,
55%, and 77% rarefaction of 4A arterioles (n=10). Data are mean + standard deviation.
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Figure 4. Reduced arteriolar density in human PAD patients
Avrteriolar density was analyzed from human gastrocnemius muscle biopsies in healthy

subjects (normal, n = 33) and subjects with PAD (n = 18) at baseline (PAD), after 3 weeks
(3W), and after 3 months (3M) of regular supervised exercise (EX). Arteriolar density was
determined as the number of non-capillary (>5um diameter) CD31* vessels per mm? of
tissue. Data are mean + SEM. *p < 0.05 versus normal.
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Figure 5. Predicting the relative influence of PAD, exercise, and/or percutaneous intervention on

perfusion

Whole muscle network simulations were adapted to reflect PAD conditions (44% rarefaction
with 0.6 normalized input pressure). Exercise (EX) was simulated by reducing the degree of
rarefaction from 44% to 22%. Percutaneous interventions (P1) were simulated by an increase
of normalized input pressure from 0.6 to 0.9. Data are mean + standard deviation.
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