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ABSTRACT 

Arcades are blood vessels that form direct connections between two arteries or 

arterioles. Because they are supplied with blood from two sources, arcades can function 

as alternative flow pathways following obstruction of arteries or arterioles, as in coronary 

and peripheral vascular disease and stroke. In response to changes in blood flow or 

metabolic conditions, vascular networks undergo structural adaptation or remodeling, 

which includes structural changes of the existing vessels and growth of new vessels. 

Following obstruction of a blood supply, arcade vessels may adjust tlieir internal 

diameters chronically to convert the alternative pathways into main blood distribution 

vessels. The overall goal of this dissertation was to examine structural changes in the 

internal diameter of a single arcade artery and the arterioles of an arcade network 

following changes in blood flow, using experimental and theoretical approaches. 

Diameter changes of the mouse gracilis arcade artery were observed up to 56 days 

following resection of one of its two blood supplies. Overall, diameters increased to a 

maximum around day 21 and then declined. The diameter changes were spatially non

uniform, being largest towards the point of resection, providing transiently increased 

perfusion to the most affected regions. Observed diameter changes were compared with 

predictions of a theoretical model, in which diameter varies in response to stimuli derived 

from local metabolic and hemodynamic conditions. Good agreement was found when 

effects of a time-delayed growth stimulus in regions of reduced perfusion were included, 

with a delay of about 7 days. 
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The effectiveness of arcades in maintaining perfusion both immediately following 

obstruction and after structural adaptation in the arteriolar arcade network between two 

feed artery branches of the pig triceps brachii muscle was examined. Morphometric data 

from vascular casting and published data were used to develop a computational model for 

the hemodynamics and structural adaptation of the network in response to local stimuli. 

The results show that the arcades provide alternative flow pathways to the region initially 

supplied by the obstructed branch and that structural adaptation can lead to improved 

flow restoration following interruption of blood flow. 
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Chapter 1 

INTRODUCTION 

During normal organ function, arteriolar networks distribute and control the blood 

flow between feed arteries and capillaries. In pathologic conditions, when feed arteries 

or network segments are partially or totally obstructed such as during stroke or coronary 

and peripheral vascular disease, the remaining arterioles have to compensate for the 

reduced perfusion. If the blood supply alteration is permanent, the mechanisms of 

compensation involve long-term structural remodeling or adaptation of vascular 

elements. From a clinical perspective, understanding the mechanisms of long-term 

vascular remodeling is key to developing treatments to induce revascularization of 

ischemic tissues following vessel blockage. From a basic science point of view, 

structural adaptation of vascular networks is important to understand because it 

represents the complex combination of local biological processes by which mature 

vascular networks adjust their structure (diameter and length of vessels and topology of 

the network) to respond efficiently to changing tissue needs. 

During tissue repair caused by reduction in blood flow, an affected vessel 

experiences local changes in hemodynamics (blood flow, intravascular pressure), and 

vessel wall and tissue environments, which together are thought to detennine structural 

remodeling (Buschmann and Schaper, 2000; Scholz et al., 2003). However, the ways in 

which local responses are integrated to cause structural remodeling of an arcade network 

following partial blood flow interruption are not completely understood. To address this 
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question, the structural remodeling of the mouse gracilis artery following interruption of 

one of its two blood supplies was observed experimentally in the first part of this work. 

The experimental observations were compared with predictions of a theoretical model 

based on the assumption that each vessel segment changes its diameter in response to 

local hemodynamic and metabolic stimuli. In the second part of this work the role of 

structural adaptation in maintaining perfusion after blood flow interruption was addressed 

in the context of an arcade network. Theoretical models were used to study the long-term 

adaptation of the arteriolar arcade network of the pig triceps brachii muscle following 

obstruction of one of the feeding arteries or of internal segments of the network. 

Arcade Arterioles 

To distribute blood from the heart to the tissues, the arterial networks are 

organized as a combination of trees and anastomosing arterioles or arcades. Since the 

number of vessels increases by a factor of two at each bifurcation, dichotomous vascular 

trees (in which each vessel bifurcates into two branches) make possible the distribution of 

blood from approximately 40 large arteries, to 600 main artery branches, to 1800 terminal 

artery (feed arteries) branches to 1.2 billion capillaries, as shown by the German 

histologist F. Mall in 1888 in the circulation of the dog (Burton, 1972). Between the feed 

arteries and the capillaries there is a dense network of arterioles ranging in diameters 

from 10 up to several hundred microns (Zweifach, 1991). 

Inside skeletal muscle, arterioles connect with one other at irregular locations, 

forming the arcade arterioles (hereafter referred to as arcades). The presence of arcades 



13 

in the skeletal muscle arteriolar networks was noted since the nineteenth century by W. 

Spalteholz and J. F. Cohnheim (Zweifach and Metz, 1955). Since then, numerous studies 

described the arcade networks inside skeletal muscles of different species: cat biceps 

Figure 1.1 Vascular casting of the arteriolar network of 
the triceps brachii muscle. FA, main branch of a feed 
arteiy. The color arrows show arteriolar connections 
(arcades) between branches of the feed artery trees. The 
muscle was perfused with Microfil™ and cleared in 
methyl salicylate. 

femoris, gastrocnemius, soleus and sartorius (Koller et al., 1987; Popel et al, 1988a; 

Torres, I et al., 1994), rat spinotrapezius muscle (Engelson et al., 1985b; Engelson et al., 

1986; Zweifach and Metz, 1955), rat gracilis muscle (Skalak et al., 1998), rat cremaster 

muscle (Wang and Prewitt, 1991), and rabbit skeletal muscle (Stingl, 1969). In larger 
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animals such as the pig, the presence of arcades was noted in the triceps brachii muscle 

(Gruionu, 1998; Gruionu et al, 2000). Vascular casting showed that the arteriolar tree is 

very dense and the arcades connect the branches of feed artery trees at different locations 

(Figure 1.1). 

Because they provide form a high-resistance part of the pathway for blood flow, 

arterioles represent the main site for control of blood flow inside the muscle (Zweifach, 

1991). Early observations suggested that arterial arcades are important during arterial 

"plugging" or obstruction, which would cause tissue injury in the absence of arcades 

(Zweifach and Metz, 1955). In healthy tissues, the arcades contribute to pressure 

equalization over the entire organ (Nicoll and Webb, 1955; Zweifach and Metz, 1955). A 

theoretical hemodynamic analysis of the arcades was performed later, using a ladder-like 

representation of the rat cremaster muscle vasculature (Mayrovitz, 1985). The results 

showed that the pressure to distal arterioles is more uniform when connections between 

upstream arterioles are present. Other experimental (Boegehold, 1991) and theoretical 

studies (Price et al., 2002) showed that the arcade portion of the rat gracilis muscle 

vascular network is responsible for approximately 12 to 22% of the total pressure drop 

across the vascular network and that blood flow in the arcade vessels is highly 

heterogeneous. Therefore, by having two sources of blood for the same vessel, the 

arcades provide robustness to vascular networks by normalizing pressure and maintaining 

perfusion to the muscle when vessel segments are blocked. However, the extent to which 

normal perfusion is restored in an arcade network after feed arteries or internal segments 

are chronically blocked has not previously been investigated. 
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Structural Remodeling of Arterioles: Experimental Studies and Theoretical Models 

Experimental studies. As tissue demands for oxygen and nutrients fluctuate, 

arterioles respond appropriately to match blood supplies to these demands. Acute 

changes in demand are matched by physiologically based adjustments in vessel 

diameters. However, when perfusion demands are chronically altered, vessels undergo 

structural adaptation in which the relevant vessel elements permanently change 

diameters. For example, during the process of revascularization of ischemic tissues to 

which blood flow was partially or permanently interrupted, blood is delivered to the 

affected tissues through the recruitment of a new vasculature from adjacent vascular beds 

(Scholz et al., 2002; Sullivan et al., 2002). The establishment of new capillaries via 

angiogenesis must be matched by a proportional increase in either the number 

(arteriogenesis) or diameter (collateralization) of arteriolar segments. The remodeling 

process involves changes in the vessel wall (endothelial cell activation, basal membrane 

degradation, proliferation of vascular cells) and extracellular matrix biology (Helisch and 

Schaper, 2003). Arterioles adapt their diameters chronically in response to the 

hemod>'namic stresses (shear stress along the vessel wall and circumferential stress 

across the vessel wall) caused by the changes in the blood flow (Helisch and Schaper, 

2003), the tissue metabolic state (Scholz et al., 2003) and inflammation (Buschmann et 

al., 2003; Schaper and Scholz, 2003). However, the manner in which the combined 

effects of these structural responses lead to the formation of enlarged collateral flow 

channels is not fully understood. 
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Theoretical models. Structural remodeling of collaterals involves responses to a 

number of different stimuli, and understanding this process requires integrating 

knowledge about each type of response. Such a task cannot be accomplished purely 

experimentally due to technical difficulties of controlling many stimuli at the same time. 

Theoretical modeling based on experimental observations of the effects of each 

individual stimulus provides a suitable approach for developing an integrated theory of 

structural adaptation (Popel and Johnson, 1986). 

The first required element in developing a theoretical model of the 

microvasculature is the topology of the network, because the arrangement of the vascular 

segments (in series or in parallel) determines the total resistance to blood flow of the 

network. Whereas some previous theoretical studies attempted to give a statistical 

description (in terms of ordering schemes) of vascular network topology (Engclson et al., 

1985b; Engelson et al., 1985a; Engelson et al., 1986; Popel et al., 1988b; Torres et al., 

1994; Wiedeman, 1963), others (Lipowsky, 1986; Papenfuss, 1986; Popel, 1986) based 

their analysis on experimentally measured network morphology, which is a more realistic 

representation of complex vascular networks. The same concept was used by Pries and 

Secomb in a study of the rat mesenteric circulation (Pries et al., 1990), which was the 

first theoretical study to report a detailed segmcnt-by-segment comparison between 

observed and predicted hemodynamic parameters. A similar approach will be used here 

to compare the simulated diameters of every segment of the gracilis artery with the 

experimental observations. 
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The main function of microvascular networks is to carry blood to tissues. Once 

the morphology of the network is known from experiments, the next step in describing 

network function is the hemodynamic analysis. One of the first theoretical models of 

microvascular network physiology presented a hemodynamic analysis of a portion of the 

cat mesentery network (Lipowsky and Zweifach, 1974). Such an analysis requires as 

input the morphometric data of the vascular network being examined (connectivity 

matrix of vessel segments, and diameters and lengths of each segment) (Lipowsky, 1986; 

Lipowsky and Zweifach, 1974; Mayrovitz, 1985; Mayrovitz and Roy, 1983; Price et al., 

2002; Pries et al., 1990; Pries et al., 1998; Pries et al., 2001a; Pries et al., 2001b; Schmid-

Schonbein et al., 1988; Skalak, 1984). The boundary conditions are volume flow rates 

and hematocrits of all feeding vessels segments in the network and volume flow rates of 

the vessels leaving the network. Several principles arc necessary to describe the network 

hemodynamics: conservation of mass at bifurcations (the inflow equals the outflow from 

a bifurcation), the dependence of total flow in a vessel segment on pressure gradient and 

resistance (Q = AP/R, total flow in a segment equals the ratio between the pressure 

gradient and resistance), and Poiseuille's law (flow resistance of a vessel segment is R = 

128Lrj/(7rD''), L and D are its length and diameter, and rj is the approximate apparent 

viscosity of blood). The models yield quantitative estimates of the blood flow, shear 

stress (T = D AP/ 4L), and pressure drop in each vessel. Such a hemodynamic analysis 

was used to study the validity of constant shear stress principle in the arterial network of 

the rat cremaster muscle (Mayrovitz and Roy, 1983), the hemodynamic performance of 

arteriolar interconnections (Mayrovitz, 1985), (Price et al., 2002), and design principles 
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and structural adaptation of vascular networks (Pries et a!., 1990; Pries et al, 1995a; Pries 

et al, 1998; Pries et al, 2001b; Pries et al, 2003). In the present study, a hemodynamic 

analysis will be used to determine flow, pressure gradient, mean pressure, resistance and 

shear stress in every segment of the mouse gracilis artery and the arcade network of the 

pig triceps muscle. 

Theoretical modeling of diameter changes occurring in structural adaptation is 

based on two fundamental assumptions (Pries et al, 1998). The first assumption is that 

structural diameter change of each segment occurs in response to the local stimuli that the 

segment is exposed to. The second assumption is that all vessel segments in the network 

exhibit the same response to a given set of stimuli, i.e., that the 'rules' of diameter 

adaptation are the same for each segment. In arteries and arteriolar networks of skeletal 

muscle, these assumptions are reasonable because vessels, although their diameters vary, 

have similar wall ultrastructure (at least an endothelial cell and a smooth muscle layer), 

and are located in a relatively homogenous tissue, the skeletal muscle. 

With the above assumptions, essential information about the response of the 

vessel diameter to local stimuli is derived from experiments and integrated into a 

mathematical expression for the structural adaptation model. As will be shown below, 

the responses to local stimuli are dependent on the hemodynamic parameters of each 

segment in the network, which can be computed using the hemodynamic analysis already 

described. To obtain the total effect of all the local stimuli, the responses to each 

stimulus are summed to give the rate of change of diameter. Mathematically, the 
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adaptation rule states that at each time step At, the diameter D of each segment changes 

according to: 

AD = r' • Stot • D • At, 

where T (in days) is a characteristic time scale for structural changes and Stot is the 

cumulative effect of local stimuli, described in detail below. A similar model in which 

Stot incorporates the effect of local hemodynamic and metabolic stimuli was capable of 

predicting network structures that were consistent with the observed structures in the 

normal rat mesentery (Pries et al., 1998; Pries et al, 2001b; Pries et al., 2003). Here, a 

theoretical model of structural adaptation will be uses to predict diameter changes 

following interruption of blood blow to the gracilis artery and the triceps muscle arcade 

network. 

Local stimuli of structural remodeling. 

Although the mechanisms of structural adaptation are not fully understood, 

responses to several types of hemodynamic and metabolic stimulus are known to be 

involved. Surgical interruption of blood supply to one end of an arcade network is 

expected to cause a reduction of blood flow in the region of the artery closest to the 

affected end, but an increase in flow in the middle of the artery which normally has a 

very low flow (Helisch and Schaper, 2003). Other expected consequences are increased 

metabolic demand in the regions with decreased flow and tissue healing responses in the 

region affected by surgery. Each of these local responses has been shown have an effect 

on structural remodeling. 
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Blood flow and shear stress responses 

Biological description. Chronic changes in blood flow result in changes in vessel 

diameter in both physiological (Benoit and Granger, 1988; Hudetz and Kiani, 1992; 

Hudlicka, 1994; Kamiya et al., 1984; Kuo et al., 1991; Langille and Bendeck, 1990; Mills 

et al., 1994; Risau, 1997; Skalak and Price, 1996; Unthank et al., 1996; Wang and 

Prewitt, 1993; Zamir, 1977) and pathological conditions (Krams et al., 1998; Sullivan and 

Ho)dng, 2002; Ward et al., 2000; Wentzel et al., 2001; Wentzel et al., 2003). The 

mechanistic response to changes in blood flow leading to structural remodeling involves 

the sensing of shear stress by the endothelial cells of the affected vessels. As a result of 

increased shear stress, nitric oxide production by the endothelial cells is increased which 

leads to vasodilation of the vessel segment, and release of cytokines including 

inflammatory substances (e.g. monocyte chemoattractant protein 1, MCPl), matrix 

modulators (matrix metallo-proteinases, MMPs), and growth factors (e.g. fibroblast 

growth factor 2, FGF-2 and tumor necrosis factor a, TNFa) (Arras et al., 1998; 

Buschmann et al., 2003; Scholz et al., 2002). The released growth factors stimulate 

endothelial and smooth muscle cell proliferation in the remodeling vessel. In addition, 

growth factors could act to adjust vasomotor responses independent of cell growth by 

altering gene expression of enzymes like endothelium nitric oxide syntase (eNOS) and 

cyclooxygenase-2 (COX-2) that are involved in the production of vasoactive substances 

(e.g., nitric oxide or prostacyclin) (Kostyk et al., 1995) and by regulating the contractile 

phenotype of vascular smooth muscle (Kato et al., 1997). 
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Mathematical description. In mathematical terms, structural adaptation 

dependence on shear stress can be expressed as: 

Stot log Tw — log Tw,0; 

where Stot is a dimensionless quantity representing the combined effects of stimuli 

causing structural changes, Tw is the current wall shear stress in a segment, Tw.o is the 

target level of shear stress (Pries et al., 1998). The logarithm function is used to obtain 

constant sensitivity of structural adaptation over a wide range of Tw values. Based on 

observations m the rat arteriolar network, Tw.o = 100 dyn/cm and values above this level 

cause an increase in vessel diameter (Pries et al., 1998). The assumption of uniform 

shear stress leads to a relationship between diameters of parent Do and daughter vessels 

3 3 3 Di and Di, D| + Da = Do , which was predicted by Murray's theory of minimum cost 

(Murray, 1926). This principle was proven to hold in the arterial and arteriolar networks 

(Kamiya et al., 1984; Kassab and Fung, 1995; Mayrovitz and Roy, 1983). 

Intravascular pressure response 

Biological description. Experimental (Bakker et al., 2003) and theoretical 

(Hacking et al., 1996; Hudetz and Kiani, 1992; Pries et al., 1995a; Pries et al., 1998) 

studies have shown that the effect of pressure should be considered together with that of 

shear stress to explain the structure of vascular networks. An increase in the intravascular 

pressure determines an increase in the intramural pressure. Consequently, the wall 

tension (the product of the intramural pressure and the vessel diameter) and the 

circumferential stress increase. The effect of the transmural pressure on diameter is 



mediated by the vascular smooth muscle. When the arteriole transmural pressure 

decreases acutely, the vascular smooth muscle relaxes causing vasodilation of the 

arteriole. A prolonged increase in the intravascular pressure lends to cause a structural 

reduction of the internal vascular diameter (Folkow, 1987) and changes in vascular 

morphology (Heagerty et al, 1993; Mulvany, 1993). In vascular networks, long-term 

alterations in the intramural pressure lead to changes of network structure of terminal 

beds (Bakker et al., 2003; Greene et al., 1989; Hansen-Smith et al., 1990; Prasad et al., 

1995), and arteriolar proliferation or rarefaction including formation of new arcades from 

preexisting capillaries (Price and Skalak, 1994; Skalak and Price, 1996). 

Mathematical description. As mentioned above, maintaining shear stress at 

constant levels as implied by Murray's theory of minimum work is not enough to explain 

the observed structure of vascular networks. The constant shear stress theory, although 

proven to be true on the arterial side of the vasculature, does not explain the 

arteriovenous asymmetry where the shear stress in the venules is smaller than in 

arterioles with the same diameter (Pries et al., 1995a). Instead, a new pressure-shear 

hypothesis was proposed (Pries et al., 1995a). According to this hypothesis, the vessels 

remodel to maintain the local shear stress at a set point that is a function of the local 

transmural pressure. The expression of Stot changes to: 

Stot = log Tw - log Tc(P), 

where Te(Pm) = 100 - exp{-5000[logio(logio(Pm))]"^ '^} represents the expected level of 

shear stress as a function of the mean pressure P in the segment. The expression of Tc(Pm) 
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was chosen empirically to represent the experimental results from rat mesenteric 

circulation (Pries et al., 1995a). 

Metabolic response 

Biological description. In addition to hemodynamic stresses, arterioles are 

sensitive to the metabolic state of the suiTounding tissue. According to the metabolic 

hypothesis of vascular control, during high metabolic demand states, metabolites such as 

CO2, lactic acid and adenosine accumulate in the interstitial fluid and diffuse to the 

arterioles to cause vasodilation and capillary recruitment to match tissue blood perfusion 

with its nutritional demands (Corcondilas et al., 1964; Mohrman, 1991; Sparks, 1980). In 

addition to acute adjustment of the vascular tone via vasodilation, vessels remodel their 

diameter chronically, in response to high metabolic demands such as during physical 

exercise (Laughlin and McAllister, 1992) or ischemic revascularization (Scholz et al., 

2003). Following chronic femoral artery occlusion in the hindlimb of mice, the oxygen 

saturation of hemoglobin decreased to below 10% of control within 10 minutes, whereas 

high-energy phosphates like ATP decreased to less than 5% of control within the first day 

(Scholz et al., 2003). At the same time, levels of nucleosides like adenosine and inosine 

increase greatly within the first six hours. 

Mathematical description. Theoretical studies, based on in vivo observations of 

normal vascular networks, showed that a chronic adjustment of vessel diameters in 

response to the tissue metabolic state is necessary to increase perfusion to vascular 

pathways with very low flow, which would otherwise be unable to meet the high local 
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nutrient demand (Pries et al, 1995b; Pries et al, 1998; Pries et al., 2001b; Pries et al, 

2003). To express this relationship and the dependence on shear and pressure in 

mathematical forms, Stot is rewritten as; 

Slot ~ log Tw - log Te(Pm) + log[Qrel/QHD + 1 ] ,  

The constants are km, the metabolic stimulus constant, Qref, the reference blood flow, and 

Ho, the discharge hematocrit. The mathematical form of the metabolic component was 

chosen to be always positive and to increase with decreasing red cell flux (Pries et al., 

1998). 

Conducted response 

Biological description. It has long been known that vasomotor responses 

(vasodilation and vasoconstriction) are conducted upstream along the arterial wall 

(Hilton, 1959). Since then, the conducted response was documented in arteries and 

arterioles in several tissues including: rat mesentery (Tigno et al., 1989), hamster cheek 

pouch (Collins et al., 1998; Duling and Berne, 1970; Segal et al., 1989) and cremaster 

muscle (Segal, 1994; Segal and Jacobs, 2001), mouse cremaster muscle (Looft-Wilson et 

al., 2004), rat kidney (Wagner et al., 1997), and porcine heart (Rivers et al., 2001). The 

cellular mechanisms of conduction involve propagation of the electrical potential 

upstream in parallel between adjacent endothelial and smooth muscle cells (Segal and 

Jacobs, 2001). Recent evidence shows that vasodilation is conducted through the 

endothelial cell gap junctions and the Cx40 and Cx37 are the primary comiexins forming 

the gap junction channels (Looft-Wilson et al., 2004). Intracellular Ca^"^ stores (Yashiro 
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and Duling, 2003) and extracellular (Horiuchi et al, 2002) might also be involved in 

regulating the conducted responses thougli modulation of KCa channels and Na+ - K+ -

ATPase respectively in the endothelial and vascular smooth muscle cells. The conducted 

responses decay with distance but sum at bifurcations. In the arterioles of the hamster 

cheek pouch, there is an approximately exponential length decay with a length constant 

of 2 mm of botli vasodilation and vasocontriction upstream from the site of stimulation 

(Segal et al., 1989). The same study showed that the signals propagating simultaneously 

from daughter vessels summed in the parent vessel. Another study showed that there was 

no significant attenuation of the strength of propagation at distances more than 1 mm (de 

Wit et al., 2000). Regarding the strength of the response, conducted responses accounted 

for only a limited (20%) percentage of vasodilation of porcine coronary arterioles (Rivers 

et al., 2001) but the hypercmic response in mouse feed arteries was reduced in half when 

conducted responses were blocked (Segal and Jacobs, 2001). These observations show 

the importance of conducted responses during acute vasorcgulation, but their role during 

long-term vessel remodeling still remains to be proven experimentally. 

Mathematical description. The conducted responses were shown theoretically to 

be important during long-term structural remodeling (Pries et al., 1998; Pries et al., 2003; 

Secomb and Pries, 2002). Conduction of metabolic response from distal to proximal 

branches ensures coordination of adaptation such that short proximal flow pathways will 

not become very large and distal pathways very small. Their proposed role is to cause a 

chronic increase in the parent vessel diameter that will consequently increase flow to 

daughter vessels under a high metabolic need (Pries et al., 1998). Mathematically, the 
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contribution of the conducted response to Stot is kc[Sc/Sc+So], where Sc is the segment 

conducted response, kg is the conducted stimulus constant and So is a reference value 

used to make the conducted response saturable (Pries et al, 1998). The resulting growth 

stimulus has a maximum value equal to K- and half maximal value when Sc is equal to So-

To obtain the expression for Sc, Pries et al. used the properties of exponential decay with 

the length of propagation and summation at bifurcation of the conducted response (Pries 

et al., 1998). For instance, the conducted signal Sc in the parent vessel propagated from 

two downstream daughter segments a and b, of lengths La and Lb, is given by 

Sc = Ma + Mb + Sc,a- exp(-La/L) + Sc.b" exp(-Lb/L), 

where Ma and Mb are the metabolic stimuli of segments a and b, and L is a length 

constant. 

If the conducted response is added to the other local responses analyzed so far, the 

expression of Stot becomes: 

Stot = log Tw - log Te(Pnv) + log[Qref/QHD + 1] + kc[Sc/Sc+So] + kb [1] 

The term kb is a constant and represents the baseline remodeling tendency. Since the 

shear and pressure responses define the change in signal resulting from a change in the 

stimulus, but do not defme the absolute level of the signal, a constant kb must be added 

and its value must be determined from the experimental data (Pries et al., 1998). 

Time-delayed growth responses 

Biological description. In the theoretical description of adaptive responses 

outlined above, the net growth stimulus Stot depends on the instantaneous levels of 
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hemodynamic, metabolic and conducted stimuli. However, other stimuli could have a 

delayed effect on arteriolar remodeling. In the arteriolar network of the rat cremaster 

muscle, vascular density and flow rate increase rapidly, peak and then decay during 

wound healing (Dudar and Jain, 1983). In particular, arteriolar density reached a peak at 

2 weeks after the beginning of healing process and decayed afterwards (Dudar and Jain, 

1983; Hashimoto and Prewitt, 1987). This behavior suggests a time-delayed response to 

major disturbances of tissue metabolic conditions. The mediators of such a delayed 

growth response are not clear. Possible candidates are the many cell-derived factors 

(cytokines) released in response to inflammation caused by both changes in blood flow 

and tissue injury. During skin wound healing, circulating monocytes migrate to the 

wound site and infiltrate into the tissue within the first day of the injury (Hubner et al., 

1996). The infiltrating monocytes differentiate into macrophages and persist in the tissue 

even beyond the initial phase of inflammation (Hubner et al., 1996). The macrophages 

can produce growth factors (e.g. transforming growth factor alfa, TGF-a, and platelet 

derived growth factor, PDGF) and inflammatory cytokines (e.g. interleukin 1 alfa and 

beta, IL-la and IL-ip, and tumor necrosis factor alfa, TNF-a) (Hubner et al., 1996; 

Moore et al., 1999; Scholz et al., 2003) which contribute to vessel wall remodeling. 

Since the process of arterial remodeling consists of many cellular activities including 

proliferation, apoptosis, migration, and extracellular matrix degradation and formation 

(Gibbons and Dzau, 1994; Langille, 1993), it is expected that the adjustment of the vessel 

diameter to be delayed from the time of production of the cytokines. For example, 

following surgical removal of the mouse femoral artery and vein in the mouse hind limb, 
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the arteriolar density is increased significantly by day 7 and continues to increase by day 

35 (Sullivan et al., 2002). 

Mathematical description. Delayed growth responses dining the structural 

remodeling process were not modeled previously. A suggested mathematical expression 

for this effect is a convolution integral of the rate of release of cytokines and the 

dependence of the effect on time delay. The details of the model are presented in the 

Material and Methods section of Chapter 2. 

Goal and research aims of the dissertation 

Structural adaptation of arcades represents an essential process for developing 

alternative pathways of blood flow and thereby maintaining perfusion following partial 

interruption of blood flow. The overall goal of the present dissertation was to examine 

structural changes in the internal diameter of a single arcade artery and of arterioles of an 

arcade network following changes in blood flow, using experimental and theoretical 

approaches. This objective was addressed in the form of three specific aims. 

The first aim was to determine the time course of diameter adaptation of the 

mouse gracilis artery following interruption of one of its two blood suppHes. Under these 

conditions, the portion of the artery close to the intact blood supply and the middle 

portion of the vessel would experience increases of blood flow whereas the portion close 

to the interrupted end would experience a decrease in blood flow. According to the 

relationship between blood flow and vessel diameter, the internal arterial diameter would 

then be expected to remodel differently along the length of the vessel: a decrease in the 
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region under decrease flow and increase in the rest of the artery. These experiments 

allowed us to determine the relationship between structural changes of gracilis artery 

diameter and local changes in blood flow. 

The structural changes observed following blood flow interruption involve 

responses to several different stimuli. The manner in which these responses combine to 

give the observed behavior was not determined before in this context. Therefore the 

second aim of the study was to develop an integrative theoretical model to simulate the 

observed diameter adaptation based on the collective contribution of the local responses. 

The modeling procedure started with the computation of the hemodynamics parameters 

(segment blood flow, intravascular pressure and shear stress) in the mouse gracilis artery 

and its transverse arterioles based on the experimentally observed topology and published 

hemodynamic boundary conditions. Structural remodeling was simulated according to 

the rule of diameter adjustment to a combination of local response (shear stress, 

intravascular pressure, metabolic, conducted, and the newly proposed time-delayed 

growth responses) shown before to be involved in remodeling. The combined results 

(Chapter 2 of the dissertation) of the experimental observations and model simulations of 

the gracilis artery remodeling (aims 1 and 2) will uncover the relationship between 

structural diameter changes and local stimuli. 

In response to removal or permanent blockage of the femoral artery in the mouse 

hind limb, several arterioles rather than just one undergo structural remodeling (Scholz el 

al., 2002; Sullivan et al., 2002). To address structural remodeling in an arcade network 

with many arterioles, the third aim of this study was to investigate the effect of the 



structural remodeling of the arteriolar arcade network inside the medial head of the pig 

triceps brachii muscle on the robustness to blood distribution after arcade network 

segments are obstructed. The theoretical model predicted the hemodynamic behavior of 

both the intact network and the network with obstructed segments. Under the assumption 

that the same general adaptation rules that described the gracilis artery remodeling also 

apply to the arcade network, a theoretical model of structural adaptation of the entire 

arcade network was developed. The theoretical analysis of the pig muscle arcade 

network (Chapter 3 of the dissertation) allows quantitative estimation of the ability of the 

arcade structure to maintain perfusion after obstruction of feeding vessels, both 

immediately after the obstruction and following structural remodeling. 

Overall, the results of these studies provide a basis for describing and predicting 

the time course and spatial dependence of structural diameter changes in arcadc arteries 

and arterioles caused by an alteration of blood supply. 
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Chapter 2 

STRUCTURAL REMODELING OF THE MOUSE GRACILIS ARTERY 

FOLLOWING CHRONIC ALTERATION IN BLOOD SUPPLY 

INTRODUCTION 

The primary function of the vasculature is to perfuse blood through tissues. As 

demands for oxygen and nutrients fluctuate, vessels must respond appropriately to match 

blood supply to demand. Acute changes in metabolic state are matched by adjustments in 

the tone of vascular smooth muscle, resulting in rapid, short-term vasodilation or 

vasoconstriction. When tissue demands are chronically altered, such as in exercise or 

tissue growth and repair, vessels undergo structural remodeling resulting in changes in 

diameters over time scales of days or longer (Langillc, 1993; Lash and Bohlen, 1992; 

Laughlin and McAllister, 1992; Scholz et al., 2001; Unthank et al., 1996). In particular, 

during ischemic revascularization following partial or total blood flow interruption to a 

mouse hind limb, structural remodeling of persistent vessel elements in the ischemic 

tissue (collateralization) is an important aspect of establishing reperfusion pathways 

(Buschmann and Schaper, 2000; Scholz et al., 2002; Sullivan et al., 2002). During this 

tissue repair process, the cells of the vessel wall proliferate, regress, and/or rearrange 

themselves and the surrounding extracellular matrix to alter vessel structure (Scholz et 

al., 2002; Sullivan and Hoying, 2002). Structural remodeling (angioadaptation) allows 

for long-term adjustment of flow resistance while maintaining an ability to adjust tone in 

response to acute stimuli (Zakrzewicz et al., 2002). 
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Several chronic stimuli have been shown to cause long-term changes in vessel 

diameter. These stimuli include changes in blood flow and the resulting wall shear stress 

(Langille and Bendeck, 1990; Unthank et al., 1996; Wang and Prewitt, 1993), alterations 

in intravascular pressure and circumferential wall stress (Bakker et al., 2003; Heagerty et 

al., 1993; Mulvany, 1993; Skalak and Price, 1996) and changes in the tissue metabolic 

state (Laughlin and McAllister, 1992; Scholz et al., 2003). In addition, vasoactive 

responses can be conducted upstream along the vessel wall, between vessel segments 

(Duling and Berne, 1970; Segal, 1994). Theoretical studies imply that chronic effects of 

conducted responses are important in structural remodeling (Pries et al., 1998). Observed 

steady-state distributions of vessel diameters in stable vascular networks are adequately 

predicted by model simulations including all these stimuli (Pries et al., 1998; Pries et al., 

2001b). 

When interruption ofblood flow leads to tissue ischcmia, a biphasic vascular 

response can be observed, as for example in wound healing (Brown et al., 2002; 

Hashimoto and Prewitt, 1987). During the initial phase, microvascular proliferation and 

outward remodeling of existing vessels result in above normal levels of vascular density. 

Vascular regression and 'pruning' (Risau, 1997) occur during the second phase, and the 

vasculature approaches its normal state. Such behavior, in which variables 'overshoot' 

their equilibrium values, is characteristic of dynamical systems with time delays (Murray, 

1993). In the case of ischemia, the release of cytokines by tissue cells and infiltrating 

leukocytes in response to hypoxia and inflammation is a possible source of time-delayed 

effects. These cytokines may include growth factors, inflammatory cytokines and matrix 
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modulators (Hubner et al., 1996; Moore et a!., 1999; Scholz et al, 2003). The production 

of cytokines and the resulting vascular responses involve several molecular and cellular 

processes, including gene transcription, protein synthesis, and cell division and growth, 

and occur over a period of days to weeks following the ischemic event (Johnson et al., 

2003; Scholz et al., 2002; Sullivan and Hoying, 2002). Such time-delayed responses to 

alterations in metabolic conditions resulting from hypoxia and inflammation have not 

been considered in previous theoretical simulations of structural remodeling of the 

vasculature. 

In the present study, the temporal and spatial changes of the inner diameter of the 

mouse gracilis artery were observed following resection of one of its two blood supplies. 

The observed diameter changes were compared with the results of theoretical simulations 

of structural adaptation in response to altered hemodynamic and metabolic conditions, 

using a previously developed theoretical model (Pries et al., 1995a; Pries et al., 1998; 

Pries et al, 2001b). which was extended to include the effects of time-delayed responses 

to hypoxia and inflammation. 

MATERIALS AND METHODS 

Experimental animals and surgical procedure. Male FVB/n mice were used for 

all experiments according to procedures approved by the University of Arizona 

Institutional Animal Care and Use Committee. Surgical procedures were timed so that all 

mice were 7-11 weeks old and 27.4 ± 3 g body weight at the time of the data collection. 

The gracilis artery, the main blood supply of the gracilis muscle on the medial side of the 
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thigh, is fed by two arteries, the rauscular branch of the femoral artery (MB), and the 

saphenous artery (SA) (Fig. 2.1). It runs parallel to the muscle fibers over almost the 

entire length of the muscle (Fig. 2.2). The transverse arterioles (TAs) branch off at 

intervals along the length of the vessel and supply the capillary network. In some 

specimens, two adjacent transverse arterioles connect to form a loop arcade structure 

Figure 2.1 Photograph of medial side of mouse 
thigh, with skin removed to show muscles. GA: 
gracilis artery. MB: muscular branch of the femoral 
artery, SA: saphenous artery, FA: femoral artery. In 
the model, the blood supply from the saphenous 
artery was interrupted by removing the portion of the 
vessel between the ligatures (dotted line). 

The blood supply to the gracilis artery was disrupted by removing a portion of the 

saphenous artery spanning 5 mm above and below the point where the saphenous artery 

connects with the gracilis artery (Fig. 2.1). To interrupt the blood supply from the 

saphenous artery, the mouse was anesthetized with 2.5% A vert in (Aldrich) at a dose of 

(Fig. 2.2). 
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0.15 ml/10 g body weight injected intra-peritoneally and the hair was removed from the 

medial side of the left hindlimb with a depilatory lotion. A skin incision was made on the 

medial side of the thigh 5 mm away from the saphenous artery to minimize the effect of 

skin injury on gracilis artery remodeling. Incisions were closed with 7.5-mm Michel 

suture clips. The mice were euthanized at days 1, 2, 7, 14, 21, 28 or 56 after surgery (n = 

6, 5, 6, 7, 6, 6 and 5 respectively). The untreated control group (n = 6) mice received no 

surgery. The saphenous artery of the sham control mice (n = 6) was exposed but 

maintained intact. Mice were euthanized 7 days after the sham surgery. 

India ink visualization. In order to visualize the gracilis artery network, non

toxic India ink (Hunt Manufacturing Co., No. 3232) was dialyzed against PBS, filtered 

through filter paper (No. 1; Whatman), and stored at 4°C. Prior to use, the ink solution 

was warmed to 37°C. Heparin (100 units/ml final concentration) and sodium 

nitroprusside (10"^ M final concentration) were added to the ink solution. The left 

ventricle was cannulated with a polyethylene (PE60) catheter, and the blood was flushed 

with PBS containing heparin and sodium nitroprusside. A volume of 2-4 ml of ink 

solution was immediately perfused into the vasculature at a constant pressure of 90-100 

mmHg measured with a manometer attached to the injection syringe. All major vessels 

were ligated at their origins from the heart to avoid backflow of ink. Animals were either 

placed at 4°C overnight to allow the India ink to stabilize in the vessels (day 2, 7 and 28 

groups) or the medial side of the thigh was covered with a cotton gauze soaked in 25% 

ETOH immediately after ink perfusion (day 1, 14, 21 and 56 groups). The gracilis 

muscle on both sides was carefully dissected, placed flat on a microscopic slide to 



36 

maintain its original length, and dehydrated in a graded series of alcohol solutions (25, 

50, 75, 95 and 100% ethanol) for approximately 12 his in each alcohol dilution. The 

muscles were subsequently cleared in 100% methyl salicylate. The vasculature was 

analyzed with a stereomicroscopc after the muscle was gently sandwiched between two 

microscope slides and transilluminated. 

Morphometric analysis. Morphometric data (length and inner diameter of 

gracilis artery, and numbers of transverse arterioles) were obtained from digitized 

microscopic images using Sigma Scan software (SPSS Science, Chicago, IL). The inner 

diameter was measured at points spaced 300 ixm apart along the artery. To show the 

spatial dependence of diameter, the length of each artery was divided into 8 equal regions 

(Figs. 2.2C, D). For each region, data from all arteries observed for a given time point 

and treatment were combined to calculate the mean and standard error of the region 

diameter. Statistical significance between control (untreated) and remodeled (treated) 

diameters in each region at each time point was determined with a paired t-test. A p-

value lower than p = 0.05 was considered significant. A nomialization procedure was 

used to correct for variations in observed diameters of untreated gracilis arteries. For 

each region, a reference diameter was defined as the overall average of the untreated 

diameters at all time points. The ratio of the average treated diameter to the average 

untreated diameter was computed at each time point for each region. The normalized 

treated region diameter at each time point was obtained by multiplying this ratio by the 

corresponding reference diameter. With this procedure, variations in normalized 

diameter with time reflect differential changes between diameters of remodeled and 
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Figure 2.2 Gracilis muscle vascular network. A, B: digitized images of 
the control (A) and 14 day remodeled (B) mouse gracilis muscle, 
visualized using India ink. TA: transverse arteriole; other abbreviations 
as in Fig. 1. In some specimens, two TAs come together to form a loop 
arcade (*). C, D: schematics of the simplified vascular network used in 
the theoretical models. Node i is the point of bifurcation of a TA. 
Arrows show direction of blood flow. 
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control contra-lateral vessels. To facilitate analysis of the time course of diameter 

changes, these nomialized diameter data were combined for three main sections of the 

gracilis artery: MB section (regions 1-3 close to the connection with muscle branch of 

the femoral artery), middle section (regions 4-6), and SA section (regions 7-8 close to the 

connection to the saphenous artery) (Figs. 2.2C, D). The resulting section diameters were 

used for comparison with the theoretical model predictions. 

Estimation of hemodynamic parameters. The simulation of structural adaptation 

required estimation of pressure, flow and wall shear stress as functions of position along 

the gracilis artery, for given spatial variation of diameter. Nodes were defined at the end 

points of the artery and at the points where transverse arterioles (TAs) branch off, such 

that segment i of the artery links node i with node i+1 (Figs. 2.2C, D). The number of 

TAs was assumed to be 16, giving 16 segments and 17 nodes along the artery. The 

observed number of TAs was generally in the range from 12 to 18. A total length of 6.6 

mm was assumed, representing the average of measured values, and the TAs were 

assumed to be spaced at equal intervals along the length. The end of the artery supplied 

by the muscular branch of the femoral artery was assumed to be at arterial pressure, PA = 

100 mmHg (Tabrizchi et al.. 1993), giving a boundary condition P, = P^. For the 

simulations of the untreated artery, the TA at node 17 was omitted and the connection to 

the saphenous artery was represented by setting P,7 = P^. 

The flow rate entering the TA connected to node i was assumed to depend on the 

pressure P, at that node according to Q; = (Pi - PV)/RTA, where Py is venous pressure, 

assumed to be 2 mmHg (Tabrizchi et al., 1993) and RJA is the flow resistance of the 
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pathway connecting the TA to the venous pressure. This resistance is given by RTA = 

(PA- PVVQREF where QREF is a reference value of the TA flow, hi the absence of suitable 

data for the mouse, the reference TA flow was estimated from data from rats. Under 

conditions of normal tone, the volume blood flow for the rat gracilis muscle is 4.6 ml/min 

per 100 g muscle (Song et al., 2002). Total blood flow per gracilis muscle of the adult rat 

(13 weeks) was computed as 2.4 jil/min for an average muscle volume of 53.2 mm 

(Song et al., 2002). This resulted in a reference blood flow rate qref = 29 nl/min, based on 

an average of 83.7 transverse arterioles per gracilis muscle (Price et al., 2002). 

The flow rate in arterial segment i is given by Qi = (Pj - Pi+i)/Ri, where the flow 

resistance of the segment is Ri = 8Lii7/(7dDi'^), Li and Di are its length and diameter, and rj 

= 3 cP is the approximate apparent viscosity of blood for vessels in the diameter range of 

10-30 |xm (Pries et al., 1998). The equation for conservation ofblood flow at node i is 

then 

(Pi - Pi-,)/R,., + (P. - P..i)/R, + (Pi - PV)/RTA - 0 .  [ 1 ]  

The resulting system of linear equations was solved to obtain the pressures Pi at each 

node. The wall shear stress and the mean pressure in segment i are given by Tw.i = Di(Pi -

Pi+i)/(4Li) and P„,i = (P. + P,. i)/2. 

Simulation of structural adaptation. The theoretical simulations of structural 

adaptation use a modified version of a previously published model, which is based on the 

assumption that the changes in diameter at each point along the vessel, occurring with 

each increment in time, depend on the net effect of hemodynamic and metabolic stimuli 
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(Pries et al., 1998). In mathematical terms, with each time step At, the diameter Dj of 

segment i changes according to: 

ADi = T-' -Stou-D.-At, [2] 

where T (in days) is a characteristic time scale for structural changes and Stot,i is a 

dimensionless quantity representing the combined effccts of stimuli causing structural 

changes in the diameter of segment i. Stot,i is defined as the simi of six terms representing 

the individual stimuli; 

Stot.i = log T'w.i - log Te(Pm,i) + km log[Qref/QiHD + 1] + kc [Sc,i/(Sc,i + So)] + Sd,i + kb [3] 

The first term in this equation represents the effect of wall shear stress, resulting from 

blood flow. Increased wall shear stress stimulates increases in structural diameter. The 

second term represents the effect of intravascular pressure, which generates 

circumferential stress. Increasing pressure leads to reduction in diameter. The functional 

form of this tenn is based on a correlation between wall shear stress and pressure 

observed in microvascular networks of the rat mesentery (Pries et al., 1998): 

Tc(Pm,.) = 100 - exp{-5000[logio(logio(Pm.i))]''} [4] 

The third term in Eq. 3 represents the effect of local metabolic conditions and has the role 

of maintaining parallel flow pathways, by causing diameters to increase in segments with 

very low flow, which would otherwise be unable to meet local tissue oxygen demand. 

The constants in this term are km, the metabolic stimulus constant, Qref, the reference 

blood flow, and HD, the discharge hematocrit. The fourth term in Eq. 3 represents effects 
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of conducted responses that propagate upstream along the vessel wall. These responses 

are assumed to decay exponentially with distance along the vessel, and to be summed at 

diverging bifurcations. For instance, the conducted signal Sc in the parent vessel 

propagated from two downstream daughter segments a and b, of lengths La and Lb, is 

given by 

Sc = Ma + Mb + Se.a' exp(-U/L) + Sc.b" exp(-Lb/L), [5] 

where Ma and Mb are the metabolic stimuli of segments a and b, and L is a length 

constant. The resulting growth stimulus is assumed to be saturable, with a maximum 

value of kc, the conducted stimulus constant, and half maximal value when Sc.i, the 

conducted response in segment i, is equal to So- In the present model, the daughter 

branches are the TAs and the downstream segments of the artery. TAs are assumed to 

generate a conducted response according to their blood flow, Sta- km log(Qrei7'(QTAHD) 

+ 1) where Qref is a reference value for flow QTA is the calculated TA flow. Values of 

parameters describing the metabolic and conducted responses were obtained or estimated 

from previous studies (Pries et al., 1998), as follows; metabolic response parameters kn,= 

0.81, Ho = 0.4 and Qref = 40 nl/min; conducted response parameters kc = 2.93, L = 1000 

)im and So = 20. 

The fifth term in Eq. 3, Sd, represents the effects of time-delayed growth stimuli 

resulting from hypoxia and inflammation in regions in which the level of TA flow falls 

below the level needed to prevent ischemia. This term was not included in previous 

models (Pries et al., 1998). The resulting stimulus is assumed to depend on TA flow 

levels at ail earlier times, following the removal of one blood supply at time t = 0. The 
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delayed stimulus acting on segment i at time t is assumed to be given by a convolution 

integral: 

S u { t ) J \ f ( Q „ j ( t - 3 ) ) K ( 3 ) d 5  [6] 
0 

The function f(Q i A,,) represents the rate of cytokine release as a function of TA flow. It 

is assumed that the release of cytokines is stimulated only when the TA flow falls below 

a critical level Qcrit necessary to maintain adequate tissue perfusion, and increases linearly 

with further decreases in TA flow. This is represented by assuming that f(Q rA,i) = max 

(Qcrit - Q-i A.i, 0). The kernel function K(s) represents the dependence of the effect on the 

time delay s. The kernel function is assumed to have a log-normal dependence on s: 

K(s) = kg • exp (-C • (log(s/Tmax)^) ) [7] 

where kg, c and Tmax are unknown parameters. This function is chosen to increase 

smoothly from an initial value of zero to a maximum value and then to decay 

exponentially with time. 

The time-delayed effects of hypoxia and inflammation over the time interval after 

the removal of one blood supply are included by integrating from 0 to t. The unknown 

parameters T, Qcrit, kg, c and Tmax were estimated to minimize the mean square deviation 

between predicted diameters and normalized measured diameters, including data from all 

three sections (MB, middle, and SA) and all available time points. A simplex procedure 

was used for the minimization (Nelder and Mead, 1965). The resulting estimates were T 

= 8.4 days, Tmax - 7.5 days, c = 0.83, kg = 0.0019 and Qcrit = 23.1 nl/min. 
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Figure 2.3 shows an example of the time-dependent functions involved in the 

delayed response, for a vessel segment close to the point of resection. The kernel 

function K(s) has a maximum at Tmax = 7.5 days (Fig. 2.3A). Interruption in the blood 

supply results in an immediate reduction in TA flow below the critical level (Qcnt) (Fig. 

2.3B). This period of ischemia results in a delayed growth stimulus, computed as the 

convolution product of the deficit in TA flow and the kernel function K(s), that reaches a 

peak approximately at approximately day 12 (Fig. 2.3C). Vessel diameter continues to 

increase until approximately day 20 (Fig. 2.3D). By this time, TA flow has been restored 

close to the critical level, Qcnt, and so the delayed response growth stimulus is greatly 

reduced. With this reduction in delayed growth stimulus, diameter decreases towards a 

new equilibrium value (Fig. 2.3D). 

The sixth and final term in Eq. 3 is a constant kh that sets a baseline level for 

vessel diameter changes and acts equally on all segments. It is determined by simulating 

structural adaptation in the case where both blood supplies are intact and applying the 

condition that the total volume of the gracilis artery following adaptation must equal the 

volume estimated from the measured diameters in that case. 

Computer codes were written in MATLAB software language (The MathWorks, 

Inc., Natick, MA). For a given distribution of segment diameters, pressure, blood flow 

rate and shear stress for each node and segment were estimated by solving the system of 

equations given by Eq. 1. The resulting total stimulus (Stot) was then computed according 

to Eq. 3. Updated diameters at the next time step were obtained using Eq. 2. Time steps 

At = 0.1 days were used. This process was repeated multiple times to generate the 
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Figure 2.3 Time courses of variables associated with the delayed response. A. 
Kernel function K(s). B. Flow in TA branching off the artery near the point of 
resection. C. Delayed growth stimulus in the corresponding region of the 
artery. D. Variation of diameter in corresponding region of artery. 

predicted time course of diameters in each region. To simulate the control (untreated) 

case, the simulation was continued until the diameters reached an equilibrium state (AD, 

=0). To simulate remodeling following removal of one blood supply, the normalized 

diameters for each region were used as the initial conditions. The program was run for a 

number of time steps corresponding to the number of days following surgery. In initial 

simulations, the delayed response (Sa,, in Eq. 3) was not included. 
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RESULTS 

Vascular morphology and structural responses. To show the dependence of 

diameter changes on position along the artery, the measured mean control and remodeled 

diameters were plotted as a function of vessel region number (Fig. 2.4). With no surgery 

or sham surgery, diameters did not differ significantly between the left and the right 

hindlimbs. After interruption of the saphenous blood supply, the diameter changes varied 

according to position along the vessel. Compared to control values, diameters in regions 

I 40 -

^ 30 -

Sham 

Remodeled/left 
•0 Nomial/^ighl 

No surgery 

Day 14 

.2 20 -

Day 21 Day 28 

» * * • * * 

Day 56 

1 2 3 4 5 6 7 

Region nuinber 
Region numb^ 

T T" 
1 2 3 4 5 6 7 

Region number 

Figure 2.4 Measured diameters in each of eight equal regions along the gracilis 
artery for sham and no surgery groups, and for indicated times post surgery. 
*Difference between control and remodeled diameter is significant (P < 0.005). 
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1-3 exhibited no change or slight outward remodeling at all time points. Diameters in 

regions 4-6 showed significant increases at day 1 and days 7 to 56 with peak values at 

day 21. In regions 7-8, vessel diameters were unchanged or slightly decreased up to day 

7, but increased above control values at days 14, 21 and 28. At day 56 they returned 

close to control values. 

The time course of observed diameter changes, normalized to correct for diameter 

changes in untreated limbs, is shown in Figure 2.5 (solid symbols). Averages are shown 

for the entire artery and for the three sections as defined previously, i.e., MB (regions 1-

3), middle (regions 4-6), and SA (regions 7-8). The overall mean measured diameter 

increased slightly up to day 7, and then increased more rapidly, reaching a peak during 

the period from day 14-28, before decreasing at day 56 close to day 7 control values (Fig. 

2.5A). This behavior was spatially non-uniform. The transient increase in diameter was 

most prominent in the SA section, adjacent to the point of resection, and least prominent 

in the MB section, where the blood supply was intact (Figs 2.5B, C, D). 

Simulations of structural adaptation. The theoretical model was first applied to 

simulate the distribution of diameters under control conditions (Fig. 2.6). The parameter 

kh was estimated by applying the condition that the overall predicted volume of the artery 

matched that estimated from the measured diameters, giving kb = 0.117. The same value 

was used to simulate the adapted diameters in the treated vessels. In the simulations, 

equal feed pressures (PA= 100 mmHg) were assumed at both ends of the gracilis artery, 

and the distribution of predicted diameters was therefore symmetrical with respect to the 
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Figure 2.5 Time course of measured and predicted normalized diameters of 
gracilis artery following interruption of one blood supply. A. Overall mean for 
entire arter>'. B. Mean for MB section (regions 1-3). C. Mean for middle 
section (regions 4-6). D. Mean for SA section (regions 7-8). Solid circles: 
experimental results. Open triangles: model predictions not including delayed 
response. Open circles: model predictions including the delayed response. 
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midpoint of the vessel. The asymmetry seen in the experimental data may reflect a lower 

pressure at the S A than at the MB connection node. 

•O 40 -

30 -

2 8 1 3 4 5 6 7 

Vessel region number 

Figure 2.6 Spatial distributions of measured and 
predicted diameters in the untreated gracilis artery with 
two intact blood supplies. Solid circles: experimental 
results. Open circles; model predictions. 

The theoretical model was then used to simulate the process of remodeling 

following the removal of the S A blood supply. Predicted overall and section diameters as 

a function of time are shown in Figure 2.5 together with the corresponding experimental 

data. The initial simulations, in which the delayed response was not included, gave 

predicted diameters that were generally consistent with the measured values up to day 7, 

but at later times, the predicted values monotonically approached equilibrium values (Fig. 

2.5, open triangles). The observed strong increase in measured diameters in the middle 

and SA sections at days 7 to 21 and the subsequent decrease at day 56 could not be 

adequately represented using this version of the theoretical model (Figs. 2.5C, D). When 

the delayed response was included (Fig. 2.5, open circles), predicted diameter variations 
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with time approximated the observed changes up to day 56, including the transient 

increase in diameters observed in the middle and SA sections. 

The variation of artery diameter with position and time is represented in Figure 7 

in the form of a contour plot. The observed changes (Fig. 2.7C) show a complex spatial 

and temporal variation. Comparing the theoretical predictions without and with the 

delayed response (Fig. 2.7B, C) again shows that the model with delayed response 

provides a closer overall match to the observed behavior. 

DISCUSSION 

The present study provides detailed information about the spatial variation (over a 

length of 6.6 mm) and the time course (over a period of 56 days) of structural diameter 

changes in a single artery following partial interruption of blood flow. A striking feature 

of the results is that the mouse gracilis artery is capable of relatively rapid remodeling in 

a spatially heterogeneous manner (Fig. 2.1 A). In the part of the artery near the point of 

resection, the diameter shows a slight decline in the first two days, a large increase at 

days 14-28, and a decrease towards the initial value at day 56. A similar transient 

increase in diameter is seen in the middle region, but not in the region farthest from the 

point of resection, which remains almost constant in diameter. Although small arteries 

(including the gracilis artery) in the hind limb of the mouse were previously reported to 

have remodeled outward after femoral artery occlusion or removal (Buschmann and 

Schaper, 2000; Helisch and Schaper, 2003; Scholz et al, 2002; Sullivan et al, 2002; 
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Sullivan and Hoying, 2002), such regional heterogeneity within a single artery, including 

a spatially dependent transient increase in diameter, was not reported before. 

Structural remodeling during the process of ischemic revascularization depends 

on hemodynamic stimuli (shear stress and circumfercntial stress), cell derived factors 

(inflammatory cytokines, growth factors, proteolytic enzymes) and the metabolic state of 

the affected tissue (Buschmann et al., 2003; Schaper and Scholz, 2003; Scholz et al., 

2003). The effects of these factors are difficult to study independently of each other in an 

experimental setting. Therefore integrative theoretical models were developed to 

simulate the process. Such models provide a quantitative framework for testing 

hypotheses regarding the factors involved in structural remodeling and their interactions. 

hi previous studies, models of structural adaptation were used to predict steady-

state distributions of vessel diameters in vascular networks. Satisfactory agreement with 

experimental observations was found using a model including effects of shear stress, 

intravascular pressure, metabolic state of the tissue and conducted responses (Pries et al., 

1998). The present study presents the first comparison between predictions of this model 

as a function of time with observations of structural adaptation following a reduction in 

blood supply. The previous model, without a delayed response, predicted the gradual 

steady-state increase of diameter seen up to day 7, but failed to predict the transient 

outward remodeling of the SA section close to resected blood supply at later times (Fig. 

2.7B). 

Removal of one blood supply to the gracilis artery leads to a large decrease in 

blood flow near the cut end, and is likely to cause local hypoxia and inflammation. 
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Figure 2.7 Contour plots showing spatial and temporal dependence of 
measured and predicted normalized diameters of gracilis artery following 
interruption of one blood supply. A. Measured. B. Model predictions not 
including delayed response. C. Model predictions including delayed response. 
Diameters in jjm are coded according to the color bar at right. In B and C, the 
bar at the bottom shows the eventual equilibrium distribution of diameter. 
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Under such conditions it was hypothesized that production of cytokines leads to a time-

delayed stimulus for vessel enlargement. Inclusion of such an effect in the model led to 

predicted diameter variations that approximated the observed behavior up to day 56, with 

fitted values of the unknown parameters. In the simulations, the stimulus for the time-

delayed response reached a peak 7.5 days after the ischemic stimulus. This time course is 

consistent with pubhshed data about early production of growth factors (e.g FGF2, TGF-

/3, VEGF) and other cytokines (e.g. MCP-1, MMP2 and MMP9) (Buschmann et al., 2003; 

Johnson et al., 2003; Sullivan et al., 2002) and a delayed peak of arteriolar diameter 

adaptation following an ischemic event (Scholz et al., 2002). The resulting predicted 

diameters reached their maximum around day 21 corresponding to the observed behavior 

(Fig. 2.7C). When the vessel diameter is allowed to reach as stable equilibrium, the SA 

diameter is still larger than the control but it is reduced compared to the maximum 

diameter between days 14, 21 and 28 (Fig. 2.7C, stable equilibrium). 

Structural adaptation of existing flow pathways is essential for collateral 

formation during ischemic revascularization. The present results are consistent with the 

hypothesis that time-delayed effects of cytokine release, resulting from hypoxia and 

inflammation, stimulate transient diameter increase in the affected regions. Such a 

response has the important consequence of transiently increasing blood flows to levels 

substantially above those that are reached in the eventual equilibrium state. Transient 

over-perfusion could be important in accelerating the recovery of the tissue from 

ischemic damage. 
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Chapter 3 

STRUCTURAL ADAPTATION INCREASES PERFUSION CAPACITY 

FOLLOWING VESSEL OBSTRUCTION IN THE ARTERIOLAR ARCADE 

NETWORK OF PIG SKELETAL MUSCLE 

INTRODUCTION 

Following ischcmia caused by partial or total interruption of blood flow to a 

region of a skeletal muscle, the remaining vasculature may compensate by redistributing 

blood to ischemic regions and by chronic adjustments in the diameters of the existing 

vessel segments (structural adaptation, remodeling). In a vascular network structure with 

a strict tree-type topology, only a single flow pathway exists between the main feeding 

vessel and a given terminal segment. However, arterial and arteriolar networks 

frequently contain arcade structures that connect parallel flow pathways and provide 

alternate routes for perfusion when the blood supply is altered. In the process of 

collaterahzation, vessels forming such alternate pathways undergo outward structural 

remodeling, allowing them to supply blood to regions affected by the interruption of 

blood flow. 

The presence of arcade structures in skeletal muscle was noted first in the 

nineteenth century by Spalteholz and Cohnheim (Zweifach and Metz, 1955). Since then, 

arcade network topologies have been described in skeletal muscles of different species: 

cat biceps femoris, gastrocnemius, soleus and sartorius (Koller et al., 1987; Popel et al., 

1988a; Torres, I et al., 1994), rat spinotrapezius muscle (Engelson et al., 1985b; Engelson 
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et al., 1986; Zvveifach and Metz, 1955), rat gracilis muscle (Skalak et al., 1998), rat 

cremaster muscle (Wang and Prewitt, 1991). In the pig, the presence of arcades was 

noted in the triceps brachii muscle (Gruionu et al, 2000). Early observations suggested 

that the arcades play an important role during arterial obstruction that would cause death 

of tissue in the absence of arcades (Zweifach and Metz, 1955). In healthy tissues, the 

arcades contribute to pressure equalization over the entire organ (Nicoll and Webb, 1955; 

Zweifach and Metz, 1955). In a ladder-like representation of the rat cremaster muscle 

vasculature, the pressure to distal arterioles is more uniform when arcades between 

upstream arterioles are present (Mayrovitz, 1985). More recent experimental 

(Boegehold, 1991) and theoretical studies (Price et al., 2002) described the 

hemodynamics of the arcade network of the rat gracilis muscle and showed that there is 

only a small pressure drop and heterogeneous flow in the arcade network. 

Blood vessels are capable of structural changes in diameter in response to several 

stimuli, including wall shear stress (Langille and Bendeck, 1990; Unthank et al., 1996; 

Wang and Prewitt, 1993), intravascular pressure or circumferential stress (Bakker et al., 

2003; Heagerty et al., 1993; Mulvany, 1993; Skalak and Price, 1996), metabolic state 

(Laughlin and McAllister, 1992; Scholz et al., 2003) and conducted responses (Duling 

and Berne, 1970; Segal, 1994). Interruption of blood supply can cause large changes in 

hemodynamic and metabolic conditions, stimulating structural adaptation of the 

remaining vessels (Scholz et al., 2002; Sullivan et al., 2002). The role of circumferential 

stress in remodeling of arcade arterioles has been examined theoretically (Price et al., 

2002; Price and Skalak, 1994; Price and Skalak, 1995; Skalak et al., 1998; Skalak and 
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Price, 1996). Pries et al. (Pries et al., 1998; Pries et al., 2001a; Pries et al., 2001b) 

developed a theoretical model for structural adaptation incorporating responses to 

hemodynamic stimuli (wall shear stress and intravascular pressure) and metabolic 

stimuli, including conducted responses. However, the ability of structural adaptation 

following vessel obstruction to restore perfusion to the region of tissue served by a 

network of arcade arterioles has not previously been assessed using such theoretical 

models. 

The first goal of the present study was to determine the morphometric and 

topological characteristics of the arteriolar arcade network supplied by two feed arteries 

of the medial head of the pig triceps brachii muscle. Vascular casting was used to 

determine the vascular network topology. The second goal was to investigate the 

functional role of the arcades during normal and altered blood supply conditions. A 

theoretical model for network blood flow and structural adaptation (Pries et al., 1998) 

was used to estimate the changes in hemodynamic variables resulting from the removal 

of one feed artery or of one or more interior segments of the arteriolar arcade network, 

before and after simulated structural adaptation of the network. 

MATERIALS AND METHODS 

Vascular casting. The present study used an adult Yucatan miniature swine with a body 

weight of 34.1 kg. The heart, lungs and other vital organs were collected for related 

cardiovascular studies. Following the surgery for organ collection, the triceps brachii 

muscle (TBM) tissue remained ischemic for 30 minutes, allowing the vascular smooth 
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muscle of the arteries to relax. A polyethylene catheter (PE200) was inserted at the 

origin of the extrathoracic segment of the left axillary artery. Physiological saline (200 

ml of 0.9% NaCl in 0.01 M phosphate, pH 7.3 at 37°C) was used to flush the vasculature 

of the forelimb free of blood. The artery was perfused with 27 ml Microfil™ silicone 

rubber injection compound (Flow Tek Inc.) with viscosity of 120 cP at a perfusion 

pressure of 90 mmHg measured with a manometer attached to the injection syringe. 

After perfusion, the artery was li gated at the site of perfusion to prevent back flow of 

Microfil and the entire left forelimb was placed flat at 4°C for 24 hours to let the 

compound harden. The next day, the medial head of the triceps (weight 34 g) was 

carefully dissected and dehydrated in a series of ethanol (25, 50, 70, 80, 95, and 100%) 

for 24 hours time periods. The muscle was then put in 100% methyl salicylate to clear 

the tissue. The cleared muscles were trans-illuminated with a Fiber-Lite high intensity 

illuminator. The images of the vascular structures were captured with a high resolution 

BW video camera (Sony, Japan) attached to a stereo microscope (Olympus America Inc., 

Melville, NY). From the camera, the images were transferred to a personal computer 

using NIH Image software (Scion Co.). The morphometric measurements were 

performed with SigmaScan (Statistical Solutions, Saugus, MA). 

Previous observations determined that there are an average of 34 feed arteries to 

the medial head of the Yucatan miniature swine triceps muscle (Gruionu et al., 2000). 

The arteriolar network inside the muscle is a combination of feed artery trees with arcadc 

arterioles between their branches. Study of the entire arteriolar network of the muscle, 

containing thousands of vessels, is not feasible. The area of observation was chosen to 
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Figure 3.1 A representative portion of the arcade arteriolar network of the medial 
head of the pig triceps muscle. A. Drawing and photograph of a Microfil '^^ filled 
portion of the medial head of the pig triceps muscle, showing location of studied 
arcade network. B. Computer visualization of the intact arcade network. FA 1 and 
FA2 are branches of feed arteries. Arrows show the direction of flow. FA2 flow is 
interrupted after blockage. *: arcade outflows. All other open-end vessels are 
transverse arterioles. Computer visualization of the two-tree network. Regions 
supplied by FAl (region 1) and FA2 (region 2) were separated by removing the 
segments with the lowest predicted blood flow. 



contain a typical portion of the network with two feed arteries (FAl and FA2) and the 

network of vessels between them (Figure 3.1 A). The arcades were identified by direct 

observation through the stereomicroscope and marked on high-resolution pictures of the 

region of interest. The diameter of each arcade segment was obtained by averaging five 

measurements of the diameter taken along the length of the AA. The length of the arcade 

segments was measured as the cumulative distance between two consecutive nodes. 

Transverse arterioles (TAs) and arcade outflows (AOs) are located at regular distances 

along the arcade arterioles. The transverse arterioles form an approximately 90° 

bifurcation angle with the arcade arteries and continue with the capillaries. The arcade 

outflows are larger vessels than the transverse arterioles and they connect to other 

arcades. 

Theoretical model assumptions. The purpose of the theoretical model was to estimate 

the hemodynamic parameters (intravascular pressure and segment flow rate and wall 

shear stress) and adapted diameters both in the arcade network (Figure 3.IB) and when 

the arcade network was separated into two tree-type structures (two-tree network, Figure 

3.1C). The mathematical representation of the network was based on the measured 

morphometric data (Table 3.1). For mathematical calculations, the network was 

represented as a series of cylindrical segments. Nodes were defined as the bifurcation 

points of the segments, the origin points of the feed arteries and the end points of the 

outflows (TAs and AOs) (Figure 3. I B, C). 
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The two feed arteries were assumed to be initially at arterial pressure (PA). A 

value of PA =100 mmHg was assumed. In comparison, in the Yucatan pig an average 

MAP value of 115±8 mmHg was reported by Armstrong et al. (Armstrong et al., 1987), 

and a range of MAP values between 95 and 198.9 mmHg was reported by Dubin et al. 

(Dubin et al., 1998). The TA resistance was fixed RTA = (PA- PV)/QREF where QREF is the 

reference TA flow. The arterial outflow resistance was RAO = (DAQ/DTA)^ RTA, where 

DAO is the corresponding AO diameter and DTA is the mean TA diameter. The reference 

TA flow, qref was estimated from published data. Under conditions of normal muscle 

activity, the volume blood flow for the medial head of the triceps muscle is 27 

ml/min/100 g muscle (Armstrong et al., 1987). The average number of TAs per muscle 

volume was assxmied to be 5.8 TAs per mm of tissue as reported for the rat 

spinotrapezius muscle (Engelson et al, 1986). This resulted in a reference TA blood 

flow rate qrec = 46.5 nl/min. The flow rate in each TA depends on the pressure at its 

entrance, so that Q-I A,! = (P, - PV)/RTA, where PI is the pressure at the node where the TA 

branches off the arcade network and Py is venous pressure, assumed to be 2 mmHg 

(Laughlin, M.H., unpublished results). The flow rate in segment i was then given by Q, = 

(Pj - Pk)/Ri, where Pj and Pk are the pressures of the end nodes of segment i, the flow 

resistance of the segment i is Rj = 8L,ri/(7rDi'*), and L, and D, are its length and diameter. 

Typical viscosity and discharge hematocrit values for vessels in the diameter range of 10-

30 |xm were assumed; Jj = 3 cP and Hd = 0.4 respectively (Pries et al., 1998). 
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Structural adaptation model The mathematical formulation is based on a model of 

structural adaptation described by Pries et al. (Pries et al, 1998). hi the model, structural 

changes in segment diameter, occumng with each increment in time, depend on the net 

effect of local hemodynamic and metabolic stimuli. In mathematical terms, with each 

time step At, the diameter D, of segment i changes according to: 

AD, = T'-S,og-Dr At, [1] 

where T (in days) is a characteristic time scale for structural changes. Stot,i is a 

dimensionless quantity representing the combined effects of local stimuli causing 

structural changes in the diameter of segment i. In the present model it was assumed that 

Stot,i = log Tw,i - log Te(Pm,i) + km Iog[Qref/QiHD + 1] + kc [Sc,i/(Sc,i + So)] + kb, [2] 

The first two terms represent the hemodynamic stimuli; Tw,i is the wall shear stress, 

resulting from blood flow, and Pm,i is the mean intravascular pressure, which generates 

circumferential stress. The combined effect of these terms is to generate a positive 

correlation between shear stress and pressure, as observed experimentally (Pries et al., 

1998). The third term in Eq. 2 represents the metabolic response and has the effect of 

causing diameters to increase in segments with very low flow which would otherwise be 

unable to meet local tissue oxygen demand. The constants in this term are: Qref, reference 

blood flow, km, the metabolic stimulus constant, and Hp, the discharge hematocrit. The 

fourth term in Eq. 2 represents the conducted response, i.e., the effect of cumulated 

upstream conduction of the metabolic signal along the vessel wall. So is the reference 

sum, kc is the conducted stimulus constant, and Sc,i is the sum of conducted stimuli. To 

compute Sc.j, it was assumed that the conducted stimulus is generated in each segment in 
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proportion to the local metabolic stimulus and propagates upstream, decaying 

exponentially with distance along the vessel. Parameter values describing the metabolic 

and conducted responses were obtained or estimated from previous studies (Pries et al, 

1998), as follows: metabolic response parameters km= 0.81, Ho = 0.4 and Qref = 40 

nl/niin; conducted response parameters kc = 2.93, L = 1000 |j,m and So = 20. The last 

term, kb is a constant parameter called the baseline remodeling tendency. It is estimated 

by varying its value in simulations of the intact case until the predicted total volume of 

the arcade network matches the intravascular volume estimated from the measured 

diameters. 

Computer codes were written in MATLAB language (The MathWorks, Inc., 

Natick, MA). For a given distribution of segment diameters, pressure, blood flow rate 

and shear stress for each node and segment were estimated by solving the system of 

equations resulting from the condition that flow is conserved at bifurcations. The 

resulting total stimulus (Stot) was then computed according to Eq. 2. Updated diameters 

al the next time step were obtained using Eq. 1. Time steps At = 0.1 days were used. To 

determine the steady-state equilibrium diameter, the simulation was continued until the 

diameters reached an equilibrium state (ADj =0). Simulations were performed for both 

the arcade network and the two-tree network. The two-tree network was obtained by 

removing the segments with the lowest blood flow (determined from hemodynamics 

calculation) in the arcade network. 

Three cases were considered in simulations of the arcade and the two-tree 

networks: intact network, obstruction of FA2, and random obstruction of arcade 
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arterioles. Several model parameters were obtained by fitting the simulated diameters 

with the measured diameters in the intact network and were kept constant for simulations 

of cases with obstructed segments. The baseline remodeling tendency was kb = 0.04 for 

the arcade network and kb = 0.03 two-tree for the two-tree network. Several arterial 

outflow vessels fed arteriolar arcades that were outside the area of observations. The 

conducted stimulus Sc in these vessels was assigned a fixed value of 2.7, which was 

estimated by minimizing the mean squared difference between the measured and the 

simulated diameters for the intact networks. The adapted diameters in the intact network 

were used as the initial conditions for structural adaptation following segment 

obstruction. To simulate obstruction of FA2, this segment was removed from the 

network. To simulate the obstruction of arcade arterioles, between 1 and 10 randomly 

chosen interior segments of the network were removed, and the simulations were 

repeated. This procedure was repeated 100 times for each number of obstructed 

segments to control for statistical variability. In each case, hemodynamic parameters 

including TA flows and wall shear stresses in arcade segments were computed 

immediately after obstruction (non-adapted) and after diameters reached a stable 

equilibrium (adapted). 

Computer visualization. To illustrate the simulation results, three-dimensional computer 

visualizations of the network were generated. Vessel diameters were shown at 2^ scale 

for clarity. The grayscale picture of the Microfil™ perfused network was imported into 

the Pro/Engineer software package (Parametric Technology Corporation, Needham, MA, 



USA). All bifurcation points and a variable number of points at equal distances along 

each vessel length were manually recorded from photographs to identify their two-

dimensional coordinates. The points were then joined with spline curves representing the 

vessel center-lines. Each vessel segment was modeled as a blend surface with a circular 

cross-section, whose diameter varies smoothly between the points at which diameter is 

specified. 

Table 3.1: Morphometric characteristics of the arcade network. 

Feed 
Arteries (FA) 

Interior 
Segments 

Transverse 
Arterioles (TA) 

Arterial 
Outflows (AO) 

Number 2 79 58 6 

Diameter (|im) 81 28.8 19.2 34.5 
(mean, range) 79-83  12-78  10-45  19-56  

Length (^irn) 642 585.8 
(mean, range) 453-831  72-2134 

RESULTS 

Arcade network topology. The preparation allowed visualization of vessels to a depth of 

approximately 2 mm within the muscle. Feed arteries enter the medial head of the pig 

triceps muscle at multiple points (Gruionu et al., 2000) and branch several times within 

the muscle. Their terminal branches supply a dense three-dimensional network of arcade 

arterioles (Fig. 3.1 A). For the purpose of the present study, an arcade network lying 

between two main feed artery branches was selected based on its visibility within the 
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Figure 3.2 Computer visualizations showing diameters and flows in the arcade 
network. A. Intact network. B. FA2 blocked, not adapted. C. FA2 blocked, 
adapted. The flows are shown in color with the color scale going from dark blue (the 
lowest flow) to dark red (the highest flow). 
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available depth of field. A computer graphic representation of this network is shown in 

Figure 3. IB. The two feed artery branches are labeled FAl and FA2. The arcade 

network was represented as a set of 79 internal segments. The simulated network also 

included 58 transverse arterioles (TAs) that branch off the arcade network and feed the 

capillary network, and 6 arcade outflows (AOs) that connect to other arteriolar arcades 

outside the field of view. Morphometric data on these segments are given in Table 3.1. 

Intact arcade network. Structural adaptation of the intact arcade network was first 

simulated to establish a normal state that is an appropriate basis for comparison with the 

simulated results after obstruction of one or more segments. The resulting steady-state 

distribution of segment diameters and flows is indicated graphically in Figure 3.2A. To 

compare the arcade network with a tree only network, a two-tree network (Figure 3.1C) 

was formed by removing the arcade segments with lowest flow (dark blue in Figure 

3.2A). This procedure also defined regions 1 and 2 as the arteriolar trees supplied by 

FAl and FA2 respectively (Figure 3.1C). In the intact network, the total TA flow, 

average shear stress and average arcade segment diameter were approximately the same 

in regions 1 and 2 (Figure 3.3, left bars). 

Obstruction of one feed artery. Interruption of blood flow through FA2 caused a 

redistribution of blood flow within the arcade network, as indicated in Figure 2B and 

Figure 3.3A (middle bars). In region 1, total TA flow was almost unchanged but shear 

stress increased two-fold, reflecting the fact that arcade arterioles in region 1 also 
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Figure 3.3 Effect of FA2 blockage and 
adaptation on hemodynamic parameters and 
diameters. A. Total transverse arteriole flow. B. 
Mean wall shear stress in arcade arterioles. C. 
Mean diameters of arcade arterioles. Black bars: 
region 1. White bars: region 2. 
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supplied region 2 (Figures 3.3A and 3.3B). In region 2, total TA flow fell to 26% of its 

normal value (Figure 3.3A). Further hemodynamic changes following simulated 

structural adaptation are shown in Figure 3.2C and Figure 3.3 (right bars). In response to 

increased wall shear stress, diameters of segments in the middle region of the arcade 

network were significantly increased, forming larger conduits to region 2 (Figure 3.2C). 

Of the four connecting pathways between FAl and FA2 in the intact network, two 

pathways became the main conduits, whereas the other two were secondary (Figure 

3.2C). On average, region 1 diameters increased by 22% and region 2 diameters 

decreased by 7% (Figure 3.3C). As a result of these structural changes, total TA flow in 

region 2 was restored to 78% of its original value (Figure 3.3 A). In the two-tree network, 

by contrast, interruption of FA2 would obviously cause complete cessation of flow in 

region 2, with no change in region 1, and structural adaptation would have no ability to 

restore flow to region 2. 

Obstruction of multiple arcade arterioles. Results of obstructing 1 to 10 interior 

segments of the arcade network are shown in Figure 3.4. Total TA flow decreases with 

increasing number of blocked segments. This decrease is more rapid in the two-tree 

network (squares) than in the arcade network (triangles). Although the two network 

topologies have equal total QTA when they are intact, the arcade network has, on average, 

18% higher total QTA than the two-tree network. With structural adaptation (solid 

symbols), flow is significantly restored in the arcade network but not in the two-tree 

network. The increase in TA flow with adaptation in the arcade network averages 16%. 
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Corresponding results are also shown in Figure 4 for the case of FA2 obstruction. The 

initial effect on TA flow is similar to the effect of obstructing 7 arcade segments, but the 

restoration of flow with structural adaptation is more effective, with the final total TA 

flow being similar to that obtained when 4 arcade segments are obstructed. 

5 1800 
53 
^ 1600 • 

O 1400 

Intact 1 2 3 4 5 6 7 8 9 10 FA2cut 

Number of blocked vessel segments 

Figure 3.4 Effect of segment blockage on total transverse 
arteriole flow (Qj^)- Triangles: arcade network. Squares: two-
tree network. Open symbols: non-adapted. Filled symbols: 
adapted. The data represent the mean ± SE of the total with 
n = 100 for each data point. 
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DISCUSSION 

Two challenges in studying the arcade network topology of the pig triceps muscle 

are the large number of vessels and the three-dimensional nature of the network. The 

arcade arterioles form a continuous mesh and discrete modular structures are not 

identifiable. Because the network is three-dimensional, it cannot be characterized as a set 

of well-defined arcade loops, as can be done for thin skeletal muscles or other tissues 

having essentially two-dimensional arcade networks (Engelson et al., 1986; Popel et al., 

1988b; Torres, I et al., 1994). Here, a functional unit consisting of the three-dimensional 

network of arcade arterioles connecting two feed arteries on the surface of the muscle 

was considered. Connections to other arcade arterioles were represented by arcade 

outflows (AOs). Similar examples of arcade networks could be seen throughout the 

muscle vasculature between any two or three feed arteries. The present formulation of 

the theoretical analysis could be applied to any such network. 

The presence of a network of arcade arterioles provides a degree of robustness to 

muscle perfusion when supply vessels are obstructed. In the absence of arcades (i.e. a 

tree topology), the entire area normally perfused by an obstructed vessel would receive 

no blood. With arcades present, blood is redirected from intact supplies towards the 

affected area. In the example considered, the area initially fed by FA2 still received 26% 

of normal perfusion when FA2 was removed. Similarly, when between one and ten 

interior segments were blocked, the arcade network delivered on average 18% higher 

flow to capillaries than the corresponding two-tree network, which had no arcades. 
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Tissue survival after obstruction of blood supply depends not only on the 

existence of alternate pathways for blood flow but also on the long-term capacity of the 

remaining vessels to restore perfusion. The latter requirement is accomplished by 

collateralization, i.e. structural adaptation in which the vessels forming the altemate 

pathways remodel outwards, allowing them to carry increased flow. This process was 

simulated here using a previously developed adaptation model for responses to local 

hemodynamic and metabolic stimuli (Pries et al, 1998). In the example considered, 

structural adaptation in response to long-term blockage of a feed artery led to restoration 

of perfusion to the affected area to 78% of normal perfusion. Similarly, when interior 

segments were blocked, structural adaptation resulted in an increase in perfusion 

averaging 16%. This occurred because remaining segments experience increased wall 

shear stress and increased conducted metabolic responses, causing structural increases in 

diameters. These results suggest that parallel pathways provide not only routes for blood 

flow but also for upstream information transfer to parent vessels (Secomb and Pries, 

2002). In the two-tree structure without arcades, no altemate pathways are available to 

feed segments downstream of obstructions, and so no such benefit from structural 

adaptation is possible. 

In summary, our observations show that the pig triceps brachii musclc contains a 

dense, three-dimensional network of arcade arterioles. The functional role of this system 

was investigated using a theoretical analysis of hemodynamics and structural adaptation 

of vessel diameters in a part of the network connecting two feed artery branches. The 

presence of arcades was shown to give a degree of robustness to muscle perfusion when 
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supply vessels are obstructed, by providing alternative flow pathways. This effect is 

enhanced by structural adaptation, which further restores perfusion by the formation of 

enlarged collateral flow pathways. 
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Chapter 4 

CONCLUSIONS 

The presence of arcade structures in the arterial vascular system provides alternative 

flow pathways for blood to reach a given point in the tissue, when one or more supply 

vessels is blocked. Structural adaptation of remaining intact flow pathways has the 

potential to enhance perfusion under such conditions, a process known as 

collateralization. By using a combination of experimental and theoretical approaches, the 

present study has provided new data on the time course and spatial dependence of 

structviral adaptation under such conditions, and has provided a theoretical framework for 

understanding the observed behavior and for quantitatively predicting the effectiveness of 

collateralization in restoring flow to the affected region. The results are summarized in 

this chapter, in the form of a series of questions and answers. 

How did the gracilis artery arcade remodel following permanent interruption of one 

of its two blood supplies? 

The gracilis artery remodeled in a temporally and spatially heterogeneous manner. 

Overall, diameters increased to a maximum around day 21 and then declined by day 56. 

A more detailed analysis revealed that the artery remodeled differently in three distinct 

regions along its length. The region closest to the interrupted blood supply, the SA 

region, remodeled inward at early time points (days 1 and 2) and after the first week it 

remodeled strongly outward with a maximum at day 14. However, by day 56 the artery 
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diameter in this region decreased closer to control values. The middle region of the 

artery remodeled outward at all time points slower during the first week, then diameter 

reached a maximum value around day 21 and also returned close to day 7 values by day 

56. In contrast, the region closest to the intact blood supply, the MB region, showed little 

remodeling at all time points. 

How did structural changes correlate with changes in blood flow and shear stress? 

The observed vascular changes did not correlate with changes in blood flow and 

shear stress in all regions of the gracilis artery. Interruption of the blood supply is 

expected to decrease flow and shear stress in the SA region and consequently to decrease 

diameter. Instead the SA region diameter decreased initially but remodeled strongly 

outward later. The blood flow and shear stress are expected to increase in the middle 

region of the artery, which initially has the smallest diameter and low flow. The 

increased shear stress is expected to increase the diameter in the middle region and 

indeed the diameter remodeled accordingly. The region closest to the intact end 

experienced a small increase in blood flow necessary to perfuse an additional half of the 

artery and this was accomplished with a small outward remodeling in that region. 

What is a possible explanation for the discrepancy between the vessel diameter and 

flow and shear stress changes? 

The transient outward remodeling in the SA region can be explained by a delayed 

growth effect. A possible source of the delay growth is the cytokines produced in 
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response to ischemia and inflammation in the proximity of the interrupted blood supply. 

Following vessel removal and blood supply interruption the surrounding tissue is 

inflamed and becomes ischemic. As a result, in the days following the injury, tissue cells 

produce a variety of cytokines including growth factors, which stimulate vessel wall 

remodeling and consequently an increase in diameter a few days later. 

How can the observed structural remodeling of the gracilis artery be simulated? 

Simulation of the structural adaptation is based on the fundamental assumption 

that all segments in the network respond to local stimuli according to a common set of 

'rules'. These rules include the responses to hemodynamic stimuli (shear stress and 

intravascular pressure), which are necessary to adjust vessel diameter to alterations in 

blood flow (increased blood flow in the middle region, reduced blood flow and reversed 

direction in the SA region). In addition, the metabolic response is included to increase 

blood flow, and consequently diameter, in the region of the artery that are surrounded by 

high metabolic demand tissues due to decreased perfusion. The conducted responses are 

part of the model because they allow coordination of responses throughout the vessel. 

Finally, the delayed growth component was added to model the effect of cytokines, 

which are a possible cause for the observed transient outward remodeling. 

What are possible mechanisms for the transient delayed stimulus? 

In the model, the delayed growth stimulus is assumed to be initiated when TA flow falls 

below a certain critical level. The stimulus is initially small, increases to a maximum 
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about day 7, and then decreases asymptotically to zero. The most likely mechanism for 

this delayed stimulus is that it is caused by tissue inflammation resulting from decreased 

blood flow and tissue injury. During the process of inflammation, endothelial cells 

become activated and produce a variety of cytokines including monocyte chemoattractant 

protein 1 (MCP-1). Under the effect of MCP-1, circulating monocytes roll along the 

vessel wall, a process mediated by selectins produced by the vascular endothelium. Later 

processes include adhesion and vessel wall infiltration of monocytes to the site of injury 

(mediated by integrins and cell adhesion molecules). After transformation into 

macrophages, the infiltrated monocytes produce growth factors (e.g. FGF2) which 

stimulate the endothelial and smooth muscle cells proliferation, inflammatory cytokines 

(e.g. interleukin 1 alpha and beta, IL-1 a and IL-ip, and tumor necrosis factor alpha, 

TNF-a), which stimulate further recruitment of inflammatory cells, and proteases (matrix 

metalloproteinases, MMPs) which remodel the extracellular matrix. The time course for 

these events has not been precisely defined. However, a number of studies have shown 

that the expression of genes relating to inflammation, proliferation and vascular growth 

occurs over a period of up to 14 days following the alteration in flow conditions. This is 

consistent with the model results, in which the time delay be fore generation of the 

maximum growth stimulus was found to be 7.5 days for best fit to the experimental data 

on diameter changes. 
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What are the main implications of the results for structural remodeling? 

Structural adaptation of arcade arterioles is essential for collateral formation 

during ischemic revascularization. In addition to outward remodeling caused by changes 

in blood flow and blood flow direction, arcade arterioles are capable of a strong transient 

diameter increase in the regions affected by hypoxia and inflammation. Such a response 

has the important consequence of transiently increasing blood flows to levels 

substantially above those that are reached in the eventual equilibrium state. Transient 

over-perfusion could be important in accelerating the recovery of the tissue from 

ischemic damage. 

What is the morphometric structure of the arteriolar network inside the pig triceps 

brachii muscle? 

The vasculature of the pig triceps brachii muscle is organized as a combination of 

arteriolar trees and arcades. The feed arteries enter the skeletal muscle and bifurcate 

further to form the feed artery trees. The anastomosing arterioles or arcades provide 

direct communication between branches of the adjacent feed artery trees. The transverse 

arterioles branch at almost 90° degree angles from the arcade arterioles and form a short 

tree before they continue with the capillaries. 
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What happens to blood perfusion and shear stress immediately after a feed artery is 

blocked in an arcade network versus a two-tree network? 

Immediately after blocking a feed artery in an arcade network, the region 

originally perfused by the feed artery is still expected to be perfused, although at a 

significantly decreased level compared to normal values. In contrast, if the parent artery 

were interrupted in a tree network, the rest of the tree would not be perfiised at all. 

What happens to blood perfusion and shear stress after arterioles adapt chronically 

following a feed artery blockage in an arcade network versus a two-tree network? 

hi an arcade network, if the vessels were allowed to adapt chronically in response 

to local stimuli, the blood perfusion to capillaries and the vessel shear stress would return 

close to normal values in the region perfused by the blocked artery whereas the shear 

stress in the intact region increases over the normal range. In the absence of arcades, 

there is no effect of structural adaptation in either region of the network because the 

intact region would not be affected by flow interruption and the perfusion-depleted region 

would not have any flow at all. 

What happens to the total flow to capillaries immediately and after structural 

adaptation following obstruction of a variable number of interior segments in an 

arcade vs. a two-tree network? 

The total TA flow decreases gradually with increasing number of blocked interior 

segments but it is significantly higher in the arcade vs. the two-tree network. Structural 
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adaptation further improves perfusion to capillaries in the arcade network but has almost 

no effect in the two-tree network. 

What is the functional role of arcades when vessels are blocked in the arteriolar 

network of skeletal muscles? 

The arcades serve as alternate pathways for blood flow when feed arteries or interior 

segments are blocked. The presence of arcades allows communication and coordination 

of signals between the intact and perfusion-depleted regions of the network. 

What is the role of structural adaptation? 

When vessels are blocked, structural adaptation causes adjustment of the 

remaining vessel diameters to compensate for the decrease in blood flow. As a 

consequence, the perfusion is increased significantly above the levels expected without 

adaptation. In the two-tree network, structural adaptation plays almost no role because 

there is no communication between the intact and ischemic areas and therefore no 

redistribution of flow. Therefore structural adaptation enhances the robustness of an 

arcade but not a tree network following reduction in blood flow. 

What are the biological implications of the results? 

Our experiments suggest that arcades are capable of relatively fast structural 

remodeling, with significant changes within days. During the course of adaptation to 

ischemia, the increase in diameters may be larger than in the eventual steady state. 
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providing transient over perfusion of the affected regions necessary for tissue heahng. 

The theoretical simulations showed that structural adaptation in combination with the 

arcade architecture gives the potential for substantially restoring flow following 

obstruction of some feed vessels, but that this would not happen in a strict tree-type 

structure. 

What is the relationship of the present results to previous work? 

The experimental results confirmed existing evidence that arcade arteries and 

arterioles remodel their structure significantly to compensate for reduction of blood flow 

after vessel obstruction. In previous experimental studies, the spatial dependence of 

diameter changes within a single arcade vessel was not examined. Here, it was shown for 

the first time that structural remodeling is heterogeneous along the length of the same 

artery and includes a period of transient outward remodeling. Previous theoretical studies 

have emphasized the eventual steady-state distribution of vessel diameters. Here, a 

theoretical model was developed that successfully described the time-dependent 

structural adaptation of vessels diameters after chronic alterations of blood flow 

generated by local hemodynamic and tissue-generated stimuli. 

What are some future directions for research on structural remodeling? 

Two main future directions are suggested by the results. First, the study of the 

structural remodeling should continue in the present experimental context. Our results 

suggest that the transient outward remodeling is determined by a delayed growth signal 
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rather than the blood flow. Although some possible sources are suggested (i.e. cytokines 

produced in response to inflammation and ischemia), the exact modulators of the delayed 

signal have to be identified by further cellular and molecular biology experiments. At the 

same time, direct measurements of blood flow, shear stress and pressure, if possible, 

should be obtained to confirm our theoretical model predictions. The results of the 

experiments should be used to further refine the theoretical model. 

The second future direction is testing the theoretical model in other experimental 

systems. The arcade network model could be easily adjusted to study structural 

adaptation of arteriolar networks of other tissues such as the brain or the heart where 

vessel obstruction is also a very relevant clinical problem. Another field that continues to 

grow in present times and to which the present model could be applied is tissue 

engineering. Together with building the appropriate cellular structure of tissue-

engineered organs, designing a functional vascular network is crucial for maintaining the 

organs alive outside the laboratory environment. The present theoretical model, with 

knowledge of specific tissue requirements, could be used to customize a tissue-specific 

topology and predict the hemodynamic performance of vascular networks in tissue-

engineered organs. 
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