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Abstract

Objective. There is currently a lack of clarity regarding which vascular segments contribute
most significantly to flow compensation following a major arterial occlusion. This study uses
hemodynamic principles and computational modeling to demonstrate the relative
contributions of capillaries, arterioles and collateral arteries at rest or exercise following an
abrupt, total, and sustained femoral arterial occlusion.

Methods. The vascular network of the simulated rat hindlimb is based on robust
measurements of blood flow and pressure in healthy rats from exercise and training studies.
The sensitivity of calf blood flow to acute or chronic vascular adaptations in distinct vessel
segments is assessed.

Results. The model demonstrates that decreasing the distal microcirculation resistance has
almost no effect on flow compensation while decreasing collateral arterial resistance is
necessary to restore resting calf flow following occlusion. Full restoration of non-occluded
flow is predicted under resting conditions given all chronic adaptations, but only 75% of non-
occluded flow is restored under exercise conditions.

Conclusion. This computational method establishes the hemodynamic significance of
acute and chronic adaptations in the microvasculature and collateral arteries under rest and
exercise conditions. Regardless of the metabolic level being simulated, this study

consistently shows the dominating significance of collateral vessels following an occlusion.

Keywords: arterial insufficiency, arterial occlusion, model, vascular adaptation, capillaries,

arterioles, collateral arteries.

List of Abbreviations

1. PAD: Peripheral Arterial Disease
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CIA: central iliac artery
ElA: external iliac artery
FEM: femoral artery

lIA: internal iliac artery
COL: collateral

FEED: feed arteries
MID: mid-sized arterioles
9. CAP: capillaries

10. VEIN: venous system
11. THIGH: thigh region downstream of the IIA
12. PA: perforating artery
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13. LA: large arteries

14. SA: small arteries/arterioles
15. C: capillaries

16. SV: small venules

17.LV: large venules

18. I: current

19. R: resistance

20.V: voltage

21. P: pressure

22.Q: flow

23. D: distal arteriolar dilation

24. C: collateral arteriolar dilation

25. E: arteriolar enlargement

26. G: growth of new arterioles or capillaries
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Introduction

Peripheral arterial disease (PAD) is a pathology in which arteries within the systemic
vasculature become partially or fully blocked, leading to a significant reduction in blood
supply to peripheral tissues (e.g., calf and foot). Partial or gradual occlusion occurs due to
progressive plaque development, whereas a sudden full occlusion occurs due to the
formation of an embolism or the displacement of a plaque [1]. PAD currently affects nearly 8
million Americans and is expected to become even more prevalent with the aging of the
population and increased incidence of obesity and hyperglycemia [2, 3]. Although PAD has
been identified as a serious health problem for which novel therapies are greatly needed, the

capability of adaptations of distinct vascular segments to improve perfusion is unknown.
Studies from war injuries have demonstrated the capability of the vasculature in young,

healthy humans to compensate for an arterial occlusion [4], as has also been observed in

animals. Together, these studies suggest that novel PAD therapies that can restore the
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system’s natural compensatory capacity would have significant efficacy. Compensatory
vascular adaptations include increases in the number and/or diameters of capillaries and
arterioles distal to the occlusion and increases in the numbers and/or diameters of the
arteries that function as collateral pathways that bypass the occlusion [5, 6]. Numerous
studies [5, 7-12] have demonstrated adaptations in these different vascular segments
following an occlusion, but the relative importance of these adaptations in improving or

restoring tissue perfusion is still debated [13-24].

Vascular responses to an abrupt major arterial occlusion occur on different time frames and
at different locations in the vascular network. An immediate (acute) vascular response
occurs within seconds to minutes of an occlusion. An example of an acute response is a
sudden increase in vessel diameter due to the relaxation of vascular smooth muscle cells.
A gradual (chronic) vascular response to sustained obstruction of flow occurs within days to
weeks of the occlusion. An example of a chronic response is the structural remodeling of
the vessel such as anatomic increases in the lumen area and wall thickness of a collateral
artery (a process known as arteriogenesis) or the formation of capillaries from pre-existing
capillaries (a process known as angiogenesis) [14]. In addition to the timeframe of a
vascular response, the location of the response is also critical for adequate flow
compensation following an occlusion. The superficial femoral artery is a typical site of
occlusion in atherosclerotic disease in humans, and thus flow through collateral arteries near

this site is necessary for flow compensation.

Multiple studies have shown adaptations in both collateral arteries and the distal
microvasculature (arterioles and capillaries) following a major arterial occlusion on both
acute and chronic time frames (summarized in Table 1). The discrepancies reported in
these different studies suggest that the vascular segments most capable of improving
perfusion may vary with the stage or severity of PAD. Additionally, most studies do not
examine responses in all vascular segments and thus cannot make conclusions about the

relative importance of each segment. An underappreciated fact is that arterial occlusion
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greatly impacts the site of major resistance in the vascular tree. Figure 1 shows a typical
distribution of pressures measured in a non-occluded vascular network (black data points).
Under normal flow conditions, vessels in the distal microcirculation are observed as the
primary site of resistance (corresponding to the site of greatest pressure drop); pressure
dissipation in the larger proximal vessels is minimal [25-27]. Following a major arterial
occlusion, a significant decrease in pressure occurs immediately distal to the site of
occlusion [8, 19, 28-30], corresponding to a large pressure drop proximal to the
microcirculation (red data points, Figure 1). This suggests that adaptations in small arteries
and the microcirculation distal to the site of occlusion will have much less of an impact on

flow compensation than adaptations occurring proximal to the occlusion.

Some studies have combined experimental and theoretical descriptions of the changes in
resistance and/or flow following a major arterial occlusion [10, 29] to illustrate the importance
of collateral arteries, but the studies did not evaluate individual effects of the numerous
vascular responses to the occlusion. In an effort to quantify the effects of the multiple
vascular responses on flow, this study introduces a new theoretical method based on
experimental measures that can be used to evaluate the relative importance of collateral
vessels and the distal arterioles and capillaries in restoring flow following an abrupt major
arterial occlusion. The approach presented here is relevant to a focal occlusion of the distal
femoral artery, which is one of the most common clinical problems observed in PAD. The
method utilizes flow and pressure measurements from rats where robust hemodynamic data
are available but is easily adaptable to other species, including man. The effects of acute
and chronic adaptations of collateral arteries, arterioles, and capillaries on flow
compensation are calculated. This study provides an important preliminary step in
understanding and quantifying observations obtained from preclinical studies of PAD with an
ultimate goal of improving the design of future experimental studies that will lead to more

successful PAD therapies.

Materials and Methods
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A theoretical representation (herein referred to as “the model”) of the vascular network of the
rat hindlimb is developed in this study (Fig 2) based on morphometric and hemodynamic
measures obtained from experiments. The network geometry is defined according to
anatomical descriptions of the rat hindlimb [31] (Fig 2A). Non-occluded pressures and flows
[29, 32-35] are used to calculate the resistance of each vessel compartment in the model.
An abrupt, total, and sustained femoral arterial occlusion is then simulated by setting Degy =
0. The pressures and flows throughout the network following the occlusion are computed
using the model in the absence of any vascular adaptations. Then, experimental data from
exercise and training studies [32, 36-39] are used to simulate acute and chronic vascular
responses to a major arterial occlusion in the rat hindlimb, respectively. The study assumes
that the immediate response to intense exercise offers a reasonable parallel to the capacity
for the vasculature to respond on an acute time-frame to a sudden and total major arterial
occlusion. Similarly, the gradual increase in diameter and number of vessels that results in
trained animals or people is assumed to be similar to the expected capacity for structural
adaptation on a chronic time-frame to an occlusion, as described in [40]. The model is also
used to predict the degree of collateral dilation required to achieve experimentally observed
flow values in the rat hindlimb following a major arterial occlusion under resting and maximal
exercise conditions [41]. The theoretical modeling procedure is summarized in the sections

below.

Vascular network geometry. Greene’s description of the vascular supply to the rat
hindlimb (see anatomic depiction in Figure 2A) was used to construct a simple theoretical
representation of the rat hindlimb [31]. There is a direct analogy between electrical flow of
current (1) through an electrical resistor (R) and the flow of blood (Q) through vessels
(resistors, R); thus, the rat vasculature is described here using an electrical circuit (Figure

2B). By Ohm’s law, current through a resistor is proportional to the voltage drop (AV) across

the resistor: I = %V. Similarly, fluid flow through a vessel is proportional to the pressure drop

(AP) along the vessel: Q = %
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In the model, vessel compartments are defined as resistors connected in both series and
parallel according to the observed network anatomy in the rat hindlimb. In the network
model, a resistor may denote a single vessel, a compartment of identical vessels connected
in parallel experiencing the same metabolic and hemodynamic conditions, a series of
contiguous vessels, or any combination thereof. A description of each vessel compartment

is provided in Table 2.

In the theoretical vascular network (Figure 2B), flow to the hindlimb is supplied by the
common iliac artery (CIA). The CIA branches into the internal iliac artery (ll1A), which
supplies the thigh muscles, and the external iliac artery (EIA), which supplies the calf
muscles. As shown in Figure 2, the EIA flows into the femoral artery (FEM), which is the site
of the occlusion. The vasculature supplying the calf muscles is defined by four
compartments of parallel vessels connected in series: feed arteries (FEED, diameter >90
pum), mid-sized arteries/arterioles (MID, diameter 9-90 um), capillaries (CAP), and veins
(VEIN). Flow to the calf region depends on flow through the collateral arteries (COL) if the
femoral artery is occluded. A single compartment is used to represent all of the vessels

supplying blood to the thigh region downstream of the IIA (THIGH).

In this study, the collateral compartment is based on the geometry of the perforating artery
(PA) in the rat hindlimb [7, 9, 22]. The rat PA extends from the internal iliac artery to the
femoral/popliteal artery. During non-occluded conditions, blood flows into the perforating
artery from both the femoral and internal iliac arteries [9, 31]. When the femoral artery is
occluded, blood flow into the internal iliac increases and moves through the PA to the
popliteal/saphenous artery to feed the calf [9]. As shown in Figure 2B, the compartment
representing collateral vessels in the model extends from the distal femoral artery to the
distal internal iliac artery. In reality, there are multiple collateral arteries of varying sizes
connecting the femoral branch and IlA [22]. These pre-existing vessels become

angiographically visible due to progressive dilation following the arterial occlusion. In the
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present model, the collateral compartment is assumed to contain two large collateral arteries

in parallel.

The length of the collateral arteries is defined such that pressure distal to the occlusion
(before any compensations have occurred) is 14% of aortic pressure [29]. Given two
parallel collateral arteries of length 2.3 x 10 ym and diameter 140 ym [22] and assuming a

constant apparent blood viscosity of u= 3.0 cP, the resistance of the collateral compartment

128Lu
nD* ~

is calculated to be 3.66 x 107 dyn-sec/cm® using Poiseuille’s Law: R =

Hemodynamic calculations. Under non-occluded conditions, data from multiple rat studies
[29, 32, 33, 35] are used to define the flow and pressure values throughout the vascular
network. Flow measurements in the hindlimb of untrained Sprague-Dawley rats obtained by
Armstrong and Laughlin [33] are used to determine the calf, thigh, and total blood flow in the
network. Specifically, calf flow in the model is defined as the sum of the flow through the
ankle extensor and flexor. Thigh flow in the model is calculated as the sum of flow to the
knee extensors, knee flexors, thigh adductors, and muscles of the rump [42, 43]. Total flow
to the hindlimb is the sum of the calf flow and the thigh flow. The flow measurements in
these studies were reported at both rest (pre-exercise conditions) and during exercise
(maximal exercise conditions); these flow values are used to simulate non-occluded resting

and exercising conditions in the model, respectively, and are listed in Table 3.

The pressures Pa, Pyista, Pv, P4, P2, P3, P4, and Ps for the non-occluded case are also listed
in Table 3 for resting and exercising conditions. The carotid pressure measured at rest and
during maximal exercise [33] is used for the incoming pressure (P5). The pressure at P4 is
assumed to be 96% of the carotid pressure based on reports of distal common iliac pressure
[34]. Distal femoral pressure (Pgistal) is assumed to be 10% less than the carotid pressure
[29, 32]. P, is assumed to be equal to Pysta. The values of pressure in the microvasculature
of the calf are calculated as fractions of femoral arterial pressure, as determined by Bohlen

et al. [35]. More specifically, Bohlen et al. reported that, in the cremaster, the mean
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pressure in small arteries (84.5 um diameter), pre-capillary arterioles (9.5 ym diameter), and
post-capillary venules (9.3 ym diameter) is approximately 43%, 28%, and 20% of the
femoral pressure, respectively [35]. Femoral arterial pressure is calculated in this study as
Prem = (P1+Pgista)/2. Assuming the same ratios of pressure in comparably-sized vessels in
the calf as those reported in the cremaster, P3 = 0.43Pggm, P4 = 0.28Pggy, and Ps =
0.20Pggp.

Given these values of flow and pressure throughout the entire network and the collateral
compartment resistance, the resistances of all remaining vessel compartments are

calculated. All vessel compartment resistance values are listed in Table 2.

Under occluded conditions (i.e., an abrupt and total occlusion of the femoral artery), the
value of resistance in the femoral artery and EIA is considered infinite. All of the other
compartment resistances are the same as in the non-occluded case. The resulting flow and
pressure values in the network are calculated according to this infinite femoral arterial
resistance. Conservation of flow (analogous to Kirchoff’'s Law) requires that the flow
entering a node must equal the flow exiting the node. For example, at node P4, the
conservation of flow guarantees that Qcja = Qa + Qga. Flow in each vessel compartment i
is given by Q; = AP/R;, where AP; is the pressure drop along compartment j and R; is the
total resistance of compartment i. Applying flow conservation at every vessel bifurcation
yields a system of linear equations that can be solved for the unknown pressures (Pgistal, P1,
P,, P3, P4, and Ps) given P, = 120 mmHg at rest (or 127 mmHg during exercise) and Py =0

mmHg.

Theoretical vascular adaptations. The model is used to assess the relative contributions
of the calf microvasculature and collateral arteries to vascular compensation following an
abrupt femoral arterial occlusion by decreasing the vascular resistance of the collateral,

feed, mid, and capillary compartments individually or in combination.
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Acute Adaptations. In the model, dilation data observed during reactive hyperemia following
electrical muscle stimulation [36] are used to model the maximum possible acute response
of the vasculature. Boegehold and Bohlen report arteriolar dilation in the spinotrapezius
immediately following contraction at 8 Hz by 62%, 60%, and 103% in vessels with resting
diameter 42.3 ym, 23.2, and 10.2 [36]. The maximum factor by which the smallest arterioles
dilated was about 125%.

Chronic Adaptations. Chronic adaptations are implemented in the model using
experimentally observed vascular adaptations following exercise training (i.e., training
corresponds to increases in capillarity, arteriolar density, and arteriole diameter) [37, 38, 44].
Laughlin et al. reported that exercise training increased white gastrocnemius muscle
arteriolar density of vessels with diameter 16-20 um by 144% [37]. Exercise training was
shown to increase the capillary density (caps/mm?) by up to 57% in the white gastrocnemius
[44] and 56% in the red gastrocnemius [38]. Bohlen and Lash reported a 23% increase in
diameter of 1A arterioles in spinotrapezius with exercise training [39], and Lash reported a
similar 21% increase [45]. Collateral dilation data reported by Herzog et al. [22] is used to
estimate maximal factors of dilation observed in primary collateral pathways (Herzog
observed an increase by 114%, as reported in Table 4). The remodeling and enlargement
of collateral vessels observed to occur on a chronic time frame (after 25 days) is simulated
in the model according to the nearly 30% increase in collateral diameter observed by Prior et
al. [9]. A summary of all acute and chronic adaptations is provided in Table 4. The
experimental basis for each vascular response simulated by the model is listed as well as
the factor by which the vessel compartment resistance must be multiplied to simulate each
adaptation. If multiple responses are simulated together, the changes in arteriolar

resistance are combined via multiplication.
Model simulations. Previously obtained experimental measures [41] of flow in the rat

hindlimb are used in this study to predict the degree of collateral vessel dilation that would

be necessary to achieve the flow measured in these experiments in the presence or
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absence of other simulated vascular adaptations. Ziegler et al. [41] measured hindlimb
perfusion in young healthy Wistar Kyoto rats under non-occluded and occluded conditions at

rest and during electrically stimulated calf muscle contraction.

Model predicted flow values when simulating acute vascular responses are compared with
venous flow data collected within three minutes of occlusion [41]. Model predicted flow
values when simulating chronic vascular responses are compared with venous flow data
collected two weeks post-ligation [41]. Femoral venous outflow values at contraction
frequencies of 0 Hz and 12 Hz induced by electrical field stimulation were used to compare
model simulations of resting and exercising conditions, respectively. Table 5 provides a
summary of the flow ratios (defined as the ratio of experimental case flow to resting non-
occluded flow) measured by Ziegler et al. [41] in the rat hindlimb under resting and

maximally stimulated conditions.

Results

Acute vascular adaptations at rest. The theoretical model is used to simulate acute vascular
adaptations (Table 4A) to an occlusion under resting conditions; the resulting model
predictions of flow and pressure are depicted in Figure 3. If there are no vascular
adaptations simulated in response to the occlusion, the ratio of occluded to non-occluded
flow is 0.15 (Figure 3A, blue). If the diameters of the mid-sized arterioles and feed arteries
of the calf are both increased by 123%, the occluded to non-occluded flow ratio is 0.16 (red).
The model is used to predict the flow ratio of occluded to non-occluded flow as the diameter
of collateral arteries is varied by a factor between 1 and 2 (Figure 3A, green). The
experimentally-measured flow ratio of 0.5 is depicted as a dashed black line in Figure 3A.
The intersection of this dashed line with the green curve shows that an increase in collateral
diameter by 54% is needed to obtain the experimentally-observed flow ratio of 0.5. If the
collateral arterial diameter is increased together with a reduction in the resistance of the
distal tree arterioles/arteries, the experimentally-observed flow ratio is reached if collateral

arteries dilate by 50% (black). The corresponding values of pressures (P1 and Plgistal)
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predicted throughout the theoretical network are depicted for each of these cases in Figure
3B.

Summary of acute and chronic vascular adaptations at rest. Combinations of acute and
chronic vascular adaptations following a major arterial occlusion are simulated in the model
according to the definitions listed in Table 4. Importantly, all chronic adaptations are
simulated while simultaneously assuming a 27% enlargement in the diameter of the
collateral vessel. Theoretical predictions of calf flow (i.e, flow to the compartments
downstream of the occlusion, also known as the collateral-dependent region) are compared
with non-occluded flow to the calf, and this flow ratio is provided in Figure 4 for multiple
scenarios. The combinations chosen account for simulated cases of angiogenesis (growth
of new distal arterioles and capillaries, “G”), arteriogenesis (27% enlargement in collateral
diameter), and collateral dilation (“C”). A “C” label in Figure 4 indicates that a 100% increase
in collateral diameter was simulated. The combinations of responses that are not depicted
in Figure 4 gave similar results to those shown. The model predicts that no adaptation alone
can restore flow to its non-occluded value. Combined chronic vascular adaptations with
collateral arterial dilation provide the only theorized method for restoring flow to its non-

occluded level (Chronic GCED case).

Acute and chronic vascular adaptations during rest and exercise conditions. Figure 5 shows
the model-predicted ratios of occluded to non-occluded flow when all acute responses (DC)
are present (green) and when all chronic responses (GCED) are present (yellow). Again,
100% dilation of the collateral artery is assumed for the vascular response labeled “C.”
These flow ratio comparisons are calculated for simulated rest conditions and simulated
exercise conditions. The model predicts that the combined chronic vascular responses are
sufficient to restore resting normal flow, but can only restore about 75% of exercise flow.
This comparison also shows that both acute and chronic vascular adaptations are much
more successful at restoring flow under rest conditions; the ability to compensate for an

occlusion is significantly reduced under exercise conditions.
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Model comparison with experimental values for rest and exercise conditions. WWhen both
acute and chronic vascular adaptations are simulated, the model is used to predict the
degree of collateral dilation that would be necessary to yield the experimentally-observed
flow ratios listed in Table 5 (Figure 6, blue bars) or to restore flow to the non-occluded rest or
exercise value (Figure 6, yellow bars). Note, the blue bars in panel A for the acute case give
the values of the intersection points of the green and black curves with the dashed black line

in Figure 3.

The significant dependence on collateral dilation is evident from the minimal difference
between factors predicted when the collateral dilates alone or in combination with distal
arteriolar dilation, regardless if the response is acute or chronic. As expected, a high degree
of collateral dilation is needed to restore non-occluded flow during resting conditions and to
an even greater extent during exercising conditions. In Figure 6C and 6D, the number of
collateral vessels is varied to show the effect of increasing the number of collateral vessels
on the occluded to non-occluded flow ratio. No adaptations to the distal microcirculation are
included. Model predictions are shown for collaterals vessels of diameter 100 um (black),
140 pm (blue), or 200 um (red). While complete compensation (fraction of control flow equal
to 1) is never attained, flow is restored to 90% of its non-occluded value for about 30
collateral vessels of diameter 200 um or 135 collateral vessels of diameter 140 um. As
expected, the ability to compensate is compromised under exercising conditions (panel D),
showing only a 50% restoration of flow when there are 200 collateral vessels of diameter

100 ym, as opposed to nearly 80% under resting conditions.

Discussion

This study offers a theoretical approach to assist in understanding the contribution of
adaptations in various vascular segments in PAD and the potential efficacy of PAD therapies
that promote new vessel formation and/or dilation of existing vessels to restore tissue

perfusion. By providing a computational explanation of the relationships among flow,
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resistance, and pressure in the rat hindlimb pre- and post-occlusion, this study presents a
strong case for the essential role of collateral dilation for significant compensation to occur
following occlusion in this model. Importantly, the methods and resources developed in this
study can be utilized in other models and species to provide critical insight for understanding

the relative compensation of distinct vascular segments.

Acute and chronic vascular responses to a major arterial occlusion in the rat hindlimb are
simulated based on experimental data from exercise and training studies [32, 36-39],
respectively. The model shows that an occlusion shifts the site of primary vascular
resistance from arterioles to collateral arteries and that maximal changes to the number
and/or diameter of arterioles supplying the calf region of the rat hindlimb have very little
impact on flow restoration (Figure 3B and Figure 4). The model uses hemodynamic
calculations to demonstrate the reliance on diameter changes to the collateral compartment
to cause any significant flow compensation following a complete occlusion. The minimal
difference between the curves for no compensation (blue) and distal arteriolar dilation (red)
in Figure 3A indicates that adaptations to the microcirculation alone make almost no

difference following an occlusion without collateral dilation.

The current model predicts that vascular adaptations of large collateral vessels are
necessary for flow restoration even to resting muscle. This prediction is consistent with the
acute dilation of collaterals [9, 22], the increase in perfusion observed with collateral growth
[5, 15], and the restoration of perfusion in PAD patients with bypass grafts which function as
large collaterals [46]. As seen in Figure 5, the ability of vessels to compensate for a major
arterial occlusion is severely reduced under exercise conditions. In particular, the model
predicts that full restoration of non-occluded flow is possible under resting conditions given
all chronic vascular adaptations (Table 4), but is predicted to yield at most 75% of non-
occluded flow under exercise conditions. This is seen in the clinic, as well, when PAD
patients experience pain with walking or when the distance they are able to walk becomes

greatly reduced.
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Figure 6 gives predicted values of collateral dilation that would be necessary to achieve
either experimentally observed levels of flow or full compensation to a major arterial
occlusion. However, the predicted values of collateral dilation are not realistic since the
capacity for collaterals to enlarge is limited; thus, the model suggests that the addition of
more collaterals (and perhaps even smaller collaterals) can offer flow improvements (Figure
6C-6D). The figure does not take into account, however, that the functional capacity of
muscles following a major arterial occlusion may be reduced and thus require less flow than
under normal exercise conditions (e.g., studies have described functional limitations in PAD
to reflect diminished blood flow induced by arterial obstruction [47-50]). Therefore, the
results of this figure should be interpreted as the maximum changes that would be

necessary to restore flow to the collateral-dependent region at rest or during exercise.

The primary conclusion of this study regarding the importance of collateral
dilation/enlargement is consistent with previous work in humans and animal models. For
example, Matas [17] and Shepherd [18] described the capacity for acute vascular
compensation to occlusion in man and implicated the importance of collaterals. Rosenthal et
al. demonstrated the importance of acute collateral dilation following a maijor arterial
occlusion in dogs [51]. Sanne and Sivertsson [20] showed that the majority of post-
occlusion total vascular resistance resides in the collateral vessels and that after 5 weeks of
the occlusion there was a significant decrease in resistance of collaterals but not of the distal
microvasculature. Longland [21], Herzog et al. [22], and Lundberg et al. [23] all showed
significant dilation and/or enlargement of collateral arteries. Hershey et al. [15] concluded
that capillary sprouting cannot replace or functionally compensate for an occluded artery and
that the growth of collateral vessels provides a much more efficient mechanism for flow

compensation following a major occlusion.

Model limitations. As with any model, simplifying assumptions are made in this study to

provide a basic model that gives insight into the contribution of distinct vascular segments to
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restoring flow following a major arterial occlusion. However, it is important to note that
vascular occlusions due to atherosclerotic disease occur in various locations throughout the
vascular tree, and the capacity for the vasculature to adapt and the relative contribution of
different vascular segments will depend on the location and extent of the occlusion. The
current theoretical model is based upon a commonly used rat model of femoral artery

ligation, but model predictions could differ for other sites of occlusion.

In addition, the model is based on hemodynamic and vascular network information from the
rat, but model results may differ among species, strains and individual animals due to
differences in branching patterns and the number and size of pre-existing vessels that can
function as collaterals. Variance in the diameters of collateral arteries across species tends
to be more significant than the diameters of resistance arterioles. For example, after femoral
artery occlusion, collateral diameters have been measured to be approximately 2-4 mm in
humans [24], 150 ym in rats [22], and 40 um in mice [5]. Differences in imaging techniques
(e.g., magnetic resonance angiography versus x-ray angiography) may also lead to
dramatically different observations of collateral vessels [15, 19]. Techniques with greater
resolution can identify increases in collateral diameter more accurately than other
techniques. Thus, limitations in the imaging techniques used in different studies may explain
why there is debate regarding the pre-existence or de novo development of collateral
vessels [52]. The reporting of new vessels may actually correspond to the enlargement of

vessels which had previously been too small to detect.

Finally, the presence of vascular risk factors associated with endothelial dysfunction may
also compromise vascular compensation and change the relative vessel contributions.
Factors such as obesity, hypertension, or diabetes may significantly alter model

assumptions and resulting predictions [53-55].

Perspectives
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Animal and clinical studies have shown limited effectiveness of vasodilatory drugs in treating
PAD [56]. As the current study indicates, the dilation of blood vessels must be targeted to
specific vessels (i.e., collateral arteries in certain locations) to cause any considerable effect
on restoring flow for PAD patients, since general or untargeted vasodilation may cause
undesirable vascular responses that will not improve the quality of life for PAD patients.
Thus, this study motivates further experimental and theoretical studies that will lead to the
development of targeted therapies that can restore tissue perfusion in PAD patients without

relying on invasive surgery options.
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TABLE 1: Summary of acute and chronic vascular responses observed in experimental

settings in multiple species.

Reference Species Model Time Primary outcome
Points
Chalothorn [5] | Mouse Unilateral, distal 0-21 Increased perfusion through adductor
femoral artery days muscles, maximal at day 7
occlusion

Plantar foot perfusion decreased ~80%
acutely post-occlusion and recovered to >40%
at days 7-21

Collateral luminal diameter was increased
60% at 21 days

The number of a-smooth muscle positive
vessels increased 45% in the non-ischemic

adductor muscles.
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The number of capillaries per muscle fiber in
the gastrocnemius muscle increased 21% (note
there was a 71% increase in capillary density
but a decrease in fiber size, and possibly fiber

number).

Hershey [15]

Rabbit

Femoral artery

excision

5,10, 20,
40 days

Maximum capillary density (~60% increase in
adductor muscle) observed at 5 days temporally
associated with ischemia; decreased to
baseline by day 20.

Collateral growth observed after day 5 and
continued through day 40 was associated with

increased perfusion, not ischemia

Herzog [22]

Rat

Femoral artery
occlusion, distal
to the arteria
femoralis

profunda

24 h, 3d,
7d,21d

Total number of angiographically visible
collateral arteries increased from 2.3 to 5.3
after 7 days of occlusion and to 7.3 after 21

days of occlusion.

The midzone index (ratio of midzone collateral
diameter to diameter of the femoral artery)
increased from 0.17 to 0.46 after 7 days of
occlusion and decreased to 0.31 after 21 days

of occlusion

The total length of the collateral artery
increased by 21% within 7 days after occlusion

and by 39% within 21 days after occlusion

lto [16]

Rabbit

Mid--femoral
artery occlusion,

bilateral

0,1,3

weeks

Acute reductions in muscle blood flow of 95%
of maximum in lower adductors and lower limb.

No reduction observed in proximal adductors

Maximal collateral conductance increased six
fold at 1 wk and only an additional 25% by 3

wks.
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Capillary density increased in ischemic

gastrocnemius <50%.

Collateral growth occurred in non-ischemic

adductor muscles.

Longland [21] | Rabbit Femoral artery 10 Increase in collateral diameter by 100% after 3
ligation minutes months
and 1, 2,
3 months
Rosenthal Dog Femoral artery 2-60 Flow reached 58% of control after 70 seconds
[51] occlusion, distal minutes of occlusion and pressure reached 53% of
to profunda control. Flow and pressure increased an
femoris additional 12% after one hour
Collateral conductance increased 277% from
minimum in 70 seconds and continued to
increase an additional 178% in one hour
Peripheral vessels constricted slightly after
occlusion and dilated to a constant level within
1 minute
Sanne [20] Cat Superficial and 0 days, 5 | Collateral resistance decreased threefold 5
deep femoral weeks weeks after the occlusion
artery occlusion
Five weeks after occlusion, collateral
resistance was 30% less in the trained group
than the untrained group
There was no change in resistance of distal
vascular bed due to the occlusion or due to
training
Shepherd [18] | Human Acute femoral 0-10 Initial flow decreased to one-sixth of the resting
artery occlusion minutes | value following occlusion

Resting flow was restored at 2 minutes post

occlusion

Following exercise, calf flow with femoral

occlusion was between 1 and 44% of calf flow
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without occlusion

Table 2. Description of vessels composing each compartment in the model. The resistance
of each compartment under non-occluded conditions is calculated from the flow and

pressure values provided in Table 3.

Vessel Compartment Non-occluded
Compartment | Description Resistance

( dyn-sec/cmb)

CIA Single vessel 5.45 x104

EIA + FEM Single vessels 3.82 x10°

connected in series
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A Single vessel 1.04 x10°

COL Two large collateral 3.66 x107
arteries in parallel
THIGH Entire 1.56 x10°

microcirculation
feeding the thigh

muscle

FEED Set of parallel 3.20 x1068
vessels supplying the
calf, D > 90 ym

MID Set of parallel 8.71 x10°

vessels supplying the
calf, 9 <D <90 uym

CAP Set of parallel 4.97 x10°

vessels, D <9 um

VEIN Entire venous system 1.17 %106

draining the calf

Table 3. (Top) Vascular network pressure values (in mmHg, rounded to the nearest whole

unit) under non-occluded conditions. (Bottom) Flow values under non-occluded conditions.

Pressure | Pressure at Pressure at Reference
node rest Maximum Exercise
(mmHg) (mmHg)
Carotid 120 127 [33]
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(Pa)
P, 115 122 [34]
Paistal 108 114 [29, 32]
P, 108 114 assumption
P 48 57 [35]
P, 31 33 [35]
Ps 22 24 [35]
P, 0 0 assumption
Region Flow at Rest Flow at Maximum Reference
(cm?3/sec) Exercise
(cm?/sec)
Calf 0.025 0.102 [33]
Thigh 0.092 0.265 [33]
Total 0.117 0.367 [33]

simulated vascular responses to an abrupt and total major arterial occlusion. (A) Acute

vascular responses. (B) Chronic vascular responses.

A. Acute Vascular Responses

Maximum Multiplicative
Vascular Adaptation Vascular Adaptation
Label . Observed Factor for
(model) (experiment) .
Increase Resistance
Arteriole dilation in
D Distal arteriolar dilation stimulation-induced 123% [36, 57] (2.23)

hyperemia
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Collateral arterial
Collateral arterial dilation o 114% [22] Varied
c dilation

B. Chronic Vascular Responses

(responses are in addition to an assumed 27% enlargement in collateral diameter)

. . Maximum Multiplicative
Vascular Adaptation Vascular Adaptation
Label . Observed Factor for
(model) (experiment) .
Increase Resistance
Distal arteriolar Arteriole enlargement
E ) o 23% [39] (1.23)*
enlargement after exercise training
Arteriole dilation in
D Distal arteriolar dilation stimulation-induced 123% [36, 57] (2.23)
hyperemia
Arteriolar density
Growth of new distal _ _
G . increase after exercise 144% [37] (2.44)"
arterioles
training
Capillary density
G Growth of new capillaries | increase after exercise 57% [38, 44] (1.57)"
training
Collateral arterial
Collateral arterial dilation o 114% [22] Varied
C dilation
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Table 5. Experimental Flow Results

Rest Non-Occluded 2.18 1.00
Rest Acute 1.09 0.50
Rest Chronic 1.53 0.70
Max Stimulation (12Hz) Non-Occluded 10.27 471
Max Stimulation (12Hz) Acute 2.13 0.98
Max Stimulation (12Hz) Chronic 3.13 1.44
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Figure Captions

Figure 1. Experimentally observed pressures throughout the vascular network of rats, cats,
and dogs under normal conditions and after major arterial occlusion. Data points are taken
from the following studies: o, Unthank et al. (rat femoral artery) [29]; *, Unthank et al. (rat
femoral artery) [8]; ¢, Rosenthal and Guyton (dog femoral artery) [19]; ¢, Meininger et al. (rat,
no occlusion) [34]; O, Bohlen et al. (rat, no occlusion) [35]; #,+, Fronek and Zweifach (cat,
no occlusion) [58]; and A, Zweifach (rat, no occlusion) [59]. Black data points are collected
from the non-occluded limb; red data points are collected from the occluded limb
immediately following occlusion (within 30 seconds). Here, vessels are characterized using
the following groupings: LA - Large Arteries (>151 um), SA- Small Arteries/Arterioles (9-150
pum), Capillaries (<9 pym), SV — Small Venules (9-90 ym), and LV — Large Venules (>90 um).
If multiple pressures for the specific vessel type were reported, an average of the values was

used.

Figure 2. (A) Anatomic schematic drawing representing the portion of the rat hindlimb
vasculature simulated in this study. Major branches of the rat iliac-femoral system from its
origin at the aortic trifurcation to its division into the saphenous and popliteal arteries of the
distal limb are shown. The occlusion of the femoral artery is denoted with a large black X. A
major collateral artery is labeled (perforating artery in the rat). Pressures labeled in blue (P,,
P4, P2, Pgista, and Py) correspond to pressures defined in the theoretical model and depicted
in panel B. Thigh and calf regions are labeled, also corresponding to the regions defined in
panel B. (B) Vascular network of the rat hindlimb. Blood enters the hindlimb through the
common iliac artery (Rcja) which branches into the external iliac artery (Rgja) and internal
iliac artery (Rya). Flow from the internal iliac supplies the thigh region (Rtuicu). The EIA

leads into the femoral artery (Rrgm) which branches into the largest feed arteries (Rreep,
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diameter >90 um) in the calf, the most proximal of which is the popliteal artery. The
remaining microvasculature of the calf is represented by mid-sized arteries and arterioles
(Rmip, diameter 9-90 um) and capillaries (Rcap, diameter < 9 um. The venous system is
lumped into a single compartment (Rygin). Under non-occluded conditions, a very small
amount of flow moves through the collateral pathways from the distal femoral artery to the
internal iliac, providing additional blood supply to the thigh [9]. Under conditions of femoral
arterial occlusion (occlusion denoted with a red X), flow through the internal iliac supplies

both the thigh (directly) and the calf (indirectly through the collateral arteries).

Figure 3. (A) Ratio of occluded to non-occluded calf flow under resting conditions. Acute
vascular adaptations are compared. The flow ratio observed in the experimental resting
acute case is 0.5 (Table 5) and is depicted as a dashed black line. The four colored curves
indicate the theoretical flow restoration with various adaptations simulated: (1) No
compensation (blue curve, occluded flow with no changes in vascular adaptations), (2)
Dilation of the distal tree (red curve, dilation of mid-sized arteries/arterioles with diameter 9-
90 um), (3) Collateral dilation (green curve, dilation of the collateral arteries by a factor
between 1 and 2), and (4) Collateral dilation and dilation of the distal tree (black curve,
combined increase in collateral arteries by a factor between 1 and 2 and dilation of mid-
sized arteries/arterioles). (B) Pressure values (P,, P41, Pgistai, @and Py) throughout theoretical
vascular network under resting conditions. The four acute vascular response scenarios from

part (A) as well as the non-occluded case (black dashed curve) are depicted.

Figure 4: Ratio of occluded to non-occluded flow given combinations of different vascular
adaptations from Table 4. Possible adaptations for acute occlusion are: dilation of distal
arterioles (D), 100% dilation of the collateral artery (C), or both (DC). Possible adaptations
for chronic occlusion are: structural remodeling of distal arterioles (E), dilation of distal
arterioles (D), increased number of capillaries and distal arterioles (G), 100% dilation of the
collateral artery (C) or combinations thereof (GC, GCE, GCED). In all chronic vascular

adaptation simulations, a 27% enlargement of the collateral arteries is assumed.
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Figure 5: Ratio of occluded to non-occluded flow given the presence of all acute responses
(green) or all chronic responses (yellow) under both rest and exercise conditions. A 100%

increase in collateral diameter is assumed in both cases.

Figure 6: Model-predicted values of collateral dilation factors necessary to obtain
experimentally-observed flow (blue) [4] or total compensation (yellow) under rest (A) or
exercise (B) conditions given acute or chronic vascular adaptations C (collateral dilation
alone) or DC (distal arteriolar dilation and collateral arterial dilation). X’s indicate that there
is no possible degree of collateral dilation that would yield the desired flow value. Model-
predicted values of the ratio of occluded to non-occluded flow are shown as the number of
collateral vessels is varied between 0 and 200 for three different sized collateral diameters
under rest (C) and exercise (D) conditions. No adaptations to the distal microcirculation are

considered in panels (C) or (D).
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