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Abstract 

The objective of this thesis was to measure the geometric and topological properties of 

complete arteriolar networks within skeletal muscle, and to use these data as ideal inputs 

in a computational blood flow model in order to analyze the corresponding hemodynamic 

properties. Specifically, we sought to measure the levels of structural and hemodynamic 

heterogeneity exhibited within and between arteriolar networks. Intravital 

videomicroscopy was used to image and construct photomontages of complete arteriolar 

networks of the rat gluteus maximus muscle under baseline conditions. Arteriolar 

diameters, lengths, and inter-connections were analyzed and grouped according to a 

centrifugal ordering scheme. For all networks considered, high levels of inter-network 

homology were observed with regards to the structure (geometry, topology, fractal 

dimension) as well as the hemodynamic (blood flow, hematocrit distribution) properties. 

Blood flow was proportional to the diameter cubed in support of Murray’s Law. Future 

studies will aim to incorporate capillary and venule data in order to construct a complete 

model of the microcirculation within the rat gluteus maximus muscle.  

Keywords 

Microcirculation, Skeletal muscle, Arterioles, Arteriolar network, Intravital 

videomicroscopy, Blood flow, Hematocrit, Mathematical modelling, Fractal, Geometry, 

Topology 
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Chapter 1  

1.1 Introduction & Background 

This chapter introduces the reader to the microcirculation and its general characteristics 

and functions, primarily in the context of arteriolar networks within skeletal muscle. Brief 

notes on historical events that highlight the accomplishments of the pioneers of the field 

of microcirculation are presented when appropriate. Previous studies of skeletal muscle 

arteriolar network morphology and hemodynamics are discussed in order to present what 

is currently known, what limitations or improvements are possible, and the underlying 

motivation and merit driving the research behind this thesis.  

1.2 Why have a microcirculation? 

The main function of the cardiovascular system is to transport oxygenated blood from the 

heart to the peripheries, allowing for delivery and exchange of nutrients and hormones, 

and removal of metabolic waste products and deoxygenated blood from the tissues. The 

basic setup of the cardiovascular system is such that large conduit vessels (arteries) are 

ultimately connected to the smallest blood vessels, known as the capillaries, through a 

branching network of progressively smaller vessels on the arterial side supplying the 

capillaries.  The capillaries are then drained by a mirroring/juxtaposing branching 

network of progressively larger vessels (veins) on the venous side of the circulation. Bulk 

transport of blood occurs through the large vessels, from the heart to the tissues through 

arteries and large arterioles, and from the tissue level back to the heart through large 

venules and veins. This type of transport is mostly convective in nature, allowing for 

blood to travel long distances efficiently [71].  

Exchange of nutrients and metabolic waste occurs primarily at the tissue/organ level, and 

it is here where the microcirculation resides and plays an important role in the living 

animal [42]. Exchange of nutrients occurs through processes of diffusion, active cellular 

transport, and convection by water passing through the walls of the microvessels [57]. 

The microcirculation is designed to facilitate optimal exchange by virtue of the 
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microvessels being situated in close proximity with the parenchyma and active cells of 

the tissue/organ [71]. This intimate connection between the microvasculature and 

tissue/organ is essential to matching the blood flow to the moment-to-moment metabolic 

demand of the tissue/organ [57,71].  

Definitions of where the macro-circulation ends (small artery) and the micro-circulation 

begins (large arterioles) vary [6,13,51,73] and depend on the species, type of tissue, as 

well as the condition under which the microvessels were studied (i.e. resting vs. maximal 

diameter) [42]. However, a good initial approximation is that the microcirculation begins 

with those blood vessels that are too small to be seen with the naked eye. Indeed, in 1628, 

approximately 30 years priors to the development of the first single lens microscope, the 

English physician William Harvey first postulated the existence of the microcirculation 

as a hypothesis to explain the then unknown mode of passage of blood from the arterial to 

the venous sides of the circulation [42]. This revolutionary hypothesis was confirmed 

approximately 30 years later with the pioneering work of the Italian biologist and 

microscopist Marcello Malpighi, who was the first to directly observe discrete capillaries 

in the tortoise lung with the aid of a microscope, and the Dutch scientist Antonie van 

Leeuwenhoek, who was the first to measure and provide quantitative descriptions on the 

size and dimensions of the microvessels in the tail fin of the eel [42]. Today, various 

quantitative cutoffs for diameters have been used to classify a blood vessel as part of the 

microcirculation, with an upper limit usually on the order of a few hundred micrometers 

(100-300 µm) in diameter considered a good estimate [71].  

An interesting characteristic of the microcirculation true to all mammalian species is that 

the smallest microvessels (capillaries) as well as the red blood cells travelling through 

them are relatively very similar in size, regardless of the starting size of the feed artery or 

arteriole entering the tissue [95]. For example, the inferior gluteal artery, which supplies 

one half of the gluteus maximus muscle, is several orders of magnitude larger in diameter 

in the human (3-4 mm) than the mouse (65-85 µm) or the rat (120-140 µm) [6]. However, 

in all 3 species, the microvasculature eventually progresses down to a similar sized 

minimal blood vessel diameter of the capillaries (approximately 4-8 µm in diameter), and 

is occupied with a similar sized red blood cell (approximate diameter of 8 µm, 
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volume/surface area varies slightly from human to rat to mouse) that often must deform 

in shape to squeeze through very small capillaries [3,42]. This is an important 

characteristic of the microcirculation as the majority of skeletal muscle microvascular 

research has been completed in small animals such as the mouse, rat, hamster, and cat 

[6].  

1.3 The roles of the different parts of the microcirculation 

Within the microcirculation, certain morphological characteristics of the microvessels 

allow for their classifications into three rather distinct types of vessels: arterioles, 

capillaries, and venules. Based on the location of these vessels within the 

microcirculatory bed as well as their anatomical properties, three distinct roles of these 

vessels came to light.  

The arterioles, composed of a relatively thick layer of vascular smooth muscle and dense 

innervation of sympathetic nerve fibers, are the principal site of regulation and control of 

delivery of blood to specific tissue areas [4,73]. The decrease in diameter from the feed 

arteriole and progressively through the network of branching arterioles leads to a large 

increase in vascular resistance and a corresponding decrease in pressure. This leads to 

arterioles often being referred to as “resistance vessels” [65,92,99]. Terminal arterioles 

deliver blood to parallel networks of thin microvessels, the capillaries. Composed of a 

single layer of endothelium that is surrounded by a basement membrane and lacking a 

smooth muscle layer, the capillaries are designed for optimal exchange between blood 

and tissue [54,57]. Draining the capillaries are the venules, which form a network of 

branching vessels that mirrors that of the arterioles, although venules are generally more 

numerous and significantly larger in diameter at equal levels of the microcirculatory 

network compared to arterioles [36,79]. The venules, specifically the post-capillary 

venules with diameters less than ~50 m m, play an important in immunological defense as 

well as offering some post-capillary vascular resistance and exchange of macromolecules 

[52,55]. Venules also play a role in venular-arteriolar communication that provides 

feedback of the metabolic state of the tissue for the purposes of flow regulation [30,88].  
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The main thrust of the network concept in microcirculatory physiology is therefore to 

reinforce the framework of the microvascular bed as an internally organized functional 

system rather than an accumulation of loosely interrelated vessel segments. Thus, it is 

imperative to note that characterizing all microvessels simply based on the nomenclature 

“arteriole”, “capillary”, or “venule” is not sufficient, as there is a high overlap in function 

that exits between these three types of vessels. For example, a significant level of oxygen 

diffusion occurs within the arterioles [32,80], the capillaries may be involved in 

communicating or originating vasomotor signals typically attributed to arterioles [4], and 

exchange of large proteins occurs predominantly in the post-capillary venules [49]. 

Hence, the development of more detailed classification schemes of blood vessels based 

on their microanatomy, geometry (diameter), and topology (location within a network) 

was necessary in order to better define and compare the roles of certain microvessels 

within the network as a whole, as well as across different types of tissues and species. 

These ordering schemes and how they contribute to characterizing arteriolar network 

structures are described in section 1.5.    

1.4 Structure of microcirculatory beds in various tissues 

A feature of microcirculatory networks that is consistent across all types of tissues and 

species is the relatively high level of heterogeneity in overall structure and design 

[5,15,16,63,66,71]. Simply observing any microcirculatory network immediately reveals 

that these complex collections of microvessels are not ideal symmetric networks forming 

perfectly predictable and organized structures (Figure 1). This is a natural consequence of 

the demand of matching the layout of the microvessels to the functional requirements of 

the various regions of the tissue supplied [66,71]. As a result, the overall architecture of 

microcirculatory networks differs based on the functional properties and state of the 

tissue supplied, in addition to being affected by active remodeling and adaptation to 

better meet the demands of the changing micro-environment [8,69].  
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Figure 1: Visual comparison of microvascular networks in different types of tissues 
and species. 
Top left: Rat mesentery [53]. Top right: Rat gluteus maximus [1]. Bottom left: Cat 
sartorius [38]. Bottom right: Pig triceps brachii [29]. The rat mesentery and gluteus 
maximus photomontages were obtained using IVVM, while the cat sartorius and pig 
triceps brachii were imaged using Microfil vascular casting techniques. Figures used with 
permissions (See Appendix A).  

The microcirculation in the skin is organized as two horizontal plexuses, each supplying 

distinct regions of the skin, and connected by ascending arterioles and descending 

venules [11]. This type of organization is markedly different than the coronary 

microcirculation, where arterioles branch at close to right angles from penetrating arteries 

and progress in longitudinal or oblique paths towards muscle fibers [45]. The diversity of 

microcirculatory architecture is furthermore exhibited in the liver [94], kidney [50], brain 

[37], and other organs, each optimally designed to match the functional requirements of 
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the organ. One way that “fine-tuning” of the microcirculation to match the functional 

demands is exemplified is by the types of capillaries present in the microcirculatory bed. 

Skeletal muscle contain capillaries that are termed “continuous” due to the tight coupling 

of the endothelial cells allowing only small molecules to diffuse through [77]. Kidneys 

contain “fenestrated” capillaries, which have pores in the endothelial cells allowing trans-

endothelial transport [39], while the liver contains “discontinuous” or “sinusoidal” 

capillaries, which have even larger pores in the endothelium and thus allow for 

permeability of molecules as large as erythrocytes and white blood cells to permeate the 

vasculature [77,93].  

As a result of the varying characteristics of the three-dimensional organization and 

microanatomy of the microcirculatory bed from organ to organ, one must be careful to 

assume that observations in one type of microcirculatory bed apply to other types of 

tissues, or even within the same tissue but in different species. A classic example of this 

type of error comes from observations in one of the most popular and heavily used 

preparations for intravital studies of the microcirculation, the mesentery preparation 

[24,101], and the controversy surrounding the existence of “precapillary sphincters and 

metarterioles” in the microcirculation. Based on the studies of the renowned 

microvascular researcher Benjamin Zweifach of the mesentery in the frog, rabbit, and 

dog from 1937 to 1953, precapillary sphincters (valve-like folds comprised of 

endothelium at the point where a capillary branch leaves an arteriole) and metarterioles 

(thoroughfare channels connecting arterioles and venules) were indeed observed and 

reported [12,100,102,103], and further supported by similar observations from other 

researcher [74].  However, modern physiology and histology textbooks have adopted 

these unique elements of the mesenteric microcirculation as universal components of the 

microcirculation [10,41], in spite of a tremendous amount of subsequent research in a 

vast number of organs such as skeletal muscle [46,82], heart [31,89], lung [76], kidney 

[72], and several other types of tissue that have demonstrated overwhelming evidence for 

the lack of precapillary sphincters and metarterioles in organs other than the mesentery 

[74]. Curiously, modern physiology and histology textbooks, published as recently as 

2009, continue to use schematics which are often reproduced from Zweifach’s original 
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articles depicting precapillary sphincters and metarterioles in the microcirculatory bed 

and identifying them as general features of the microcirculation [10].  

1.5 Quantitative descriptions of microcirculatory network 

geometry and topology in skeletal muscle.  

One of the earliest studies attempting to present detailed quantitative descriptions of 

microvascular network geometry and topology was conducted by the American physician 

Franklin Paine Mall in 1887 [10]. Although the study investigated the microcirculation of 

the small intestine of the dog, it nevertheless laid the foundation for future morphological 

studies of skeletal muscle microvasculature by providing a method for detailed 

measurements of diameters and number of vessels with respect to their rank (order) in the 

microcirculatory bed.  

Comprehensive quantitative studies of the geometric and topological features of 

microvascular networks are fundamental towards understanding the corresponding 

functional properties of these networks, as the geometric and topological structure of the 

microvascular network and its hemodynamic properties are intimately linked [66]. Many 

morphological studies of skeletal muscle as well as other types of tissues have been 

conducted in the past. The skeletal muscle preparations that were used for these studies 

include the rat (gracilis [29], cremaster [9,84], spinotrapezius [19,20], soleus [98], and 

digitorum longus [98]), cat (tenuissius [21], sartorius [14,48]), hamster (cheek pouch 

retractor [17,43,87], cremaster [47]), mouse (gluteus maximus [7]), frog (sartorius 

[58,91]), and guinea pig (diaphragm [85]), amongst others. These studies investigated 

various portions of the microcirculatory bed (arteriolar, capillary, and/or venular 

networks) in varying degrees of quantitative detail with respect to measurements of 

diameter, length, branching angles, and number of segments, as well as topology (vessel 

inter-connections). These varying levels of detail reflect the original purpose of the study, 

as only a few of these studies were designed in order to collect useful geometric and 

topological data for incorporation as parameter inputs into mathematical models of blood 

flow, oxygen transport, or regulation.  
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The majority of current understanding of arteriolar network geometry and topology 

within skeletal muscle comes primarily from three studies investigating the distal 

(terminal) arteriolar networks. These studies were performed in the rat spinotrapezius 

muscle [20], the cat sartorius muscle [48], and the hamster cheek pouch retractor muscle 

[17]. Additionally, a follow-up report to the original study of the cat sartorius muscle 

terminal arteriolar networks was conducted in order to analyze the anastomosing/arcading 

portion of the arteriolar network of this muscle [14]. In fact, these arcading vessels are 

what give rise to the terminal arteriolar networks, and therefore, together form the 

complete arteriolar network embedded within the cat sartorius muscle. Thus, due to this 

additional investigation, the arteriolar networks within the cat sartorius muscle are 

perhaps the most completely described skeletal muscle arteriolar networks to date.   

In these quantitative studies of the terminal arteriolar networks, detailed information is 

presented on the diameters, lengths, and number of vessels comprising the networks, as 

well as their inter-connections (topology). Ordering schemes are applied in order to 

assign certain arteriolar vessels into topological orders. The two most extensively used 

ordering schemes are the centrifugal (Wiedeman) and the centripetal (Horton-Strahler) 

ordering schemes [42,61]. These ordering schemes are derived from the mathematical 

field of graph theory, where in mathematical terms, the vascular bifurcation points serve 

as nodes or vertices, and the vessel segments in between bifurcations serving as edges. 

Modifications to both schemes have been made in recent studies by including certain 

geometric and/or topological criteria in order to better classify and group similar vessels 

into the same order [40,44,45,62,90].  

The centrifugal ordering scheme (Figure 2) was developed in 1963 by Mary P. 

Wiedeman and applied in her morphological study of the subcutaneous microcirculation 

of the bat wing [96,97]. It has since been the most common ordering scheme used in 

morphological studies of the microcirculation [42]. In this scheme, order 1 is assigned to 

the largest arteriole feeding the tissue or the network, with progressively higher orders 

assigned to daughter vessels originating further downstream towards the capillaries if 

sufficient changes in bifurcation angle and/or diameter occurs. A modification of the 

centrifugal ordering scheme that is commonly applied in mesenteric networks is to 
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eliminate the bifurcation angle and diameter criteria, and thus increase the topological 

order for every daughter vessel emerging from bifurcations in the network [27,33,53]. 

Centrifugal ordering schemes offer the advantage of reliably comparing arterioles at 

different levels of the network by preserving a great amount of topological and geometric 

information. However, the diameter and/or angle criteria for designating a branch as a 

new order is inherently subjective, and must be carefully considered when data are 

compared from different laboratories.  

The centripetal (Horton-Strahler) scheme (Figure 2) was adapted from the 

geomorphological literature pertaining to the analysis of river networks by Robert E. 

Horton in 1945 [35] and subsequently modified by Arthur Newell Strahler in 1952 [86]. 

Bruce Fenton and Benjamin Zweifach first applied this modified version to studies of 

microvascular morphology in 1981 in their investigations of the rabbit omentum and 

human bulbar conjunctiva [23]. This scheme begins by assigning order 1 to the terminal 

pre-capillary arterioles, and progressively higher orders are assigned to larger caliber 

arterioles when daughter vessels of the same order converge upstream towards the feed 

arteriole and form a parent vessel. This ordering scheme is ideal for terminal arteriolar 

networks, as they are conveniently located next to capillary beds. It is also ideal for 

asymmetric networks with side branches that are much smaller in diameter in comparison 

to neighboring main branches, as these side branches will often be appropriately 

classified into lower orders than the neighboring but much larger main branches. 

However, this ordering scheme is purely topological (i.e. classifies vessels purely on 

location within the network) and requires the identification of all terminal arteriolar 

vessels prior to beginning, making it less practical for classifications of large arteriolar 

networks [42].  
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Figure 2: Comparison of centrifugal and centripetal ordering schemes. 

 

Application of these ordering schemes results in relationships known as Horton’s Laws, 

originally derived from the morphological studies of river networks. These laws state that 

the diameters, lengths, and number of vessels follow power-law relationships with 

respect to the topological order, i.e. a linear relationship is observed when the logarithm 

of the diameter, length, or number of vessels is plotted as a function of topological order. 

In all three studies of the cat sartorius muscle, hamster cheek pouch muscle, and the rat 

spinotrapezius muscle, Horton’s laws were shown to be valid with the application of the 

Horton-Strahler ordering scheme in the terminal arteriolar networks [18,20,48]. The 

resulting ratios derived from Horton’s Laws (RB - Bifurcation Ratio, RL - Length Ratio, 

RD - Diameter Ratio) are presented in Table 1 as well as ratios from non-skeletal muscle 

and non-vascular tissue.  
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Table 1: Horton's ratios for several types of tissues. 

Tissue RB RL RD Reference 

Skeletal Muscle 

    Cat sartorius 3.17 1.86 1.25 [48] 

Rat spinotrapezius 2.74 1.33 1.51 [20] 

Hamster cheek pouch retractor 3.43 2.59 1.63 [17] 

Non-Skeletal Muscle 

    Human pulmonary arteries 2.99 1.49 1.59 [83] 

Human bulbar conjunctiva 2.77 1.36 1.26 [23] 

Rabbit omentum 3.12 1.61 1.3 [23] 

Non-vascular tissue 

    Rat bronchial tree 3.31 1.82 1.53 [34] 

Human bronchial tree 2.81 1.4 1.43 [34] 

 

The major limitations from these fundamental studies of skeletal muscle arteriolar 

network structure stem from the approach used to collect the geometric and topological 

data, as well as the inherent anatomy of the skeletal muscle preparations used. In the 

cases of the hamster cheek pouch retractor and the rat spinotrapezius arteriolar networks, 

the microcirculation was perfused with corrosion casting material that requires maximal 

vasodilation of the vessels. Thus, the diameters reported in these studies are at their 

maximal values and do not reflect the native state of the microcirculation. Secondly, in all 

three studies, the networks that were studied were the terminal/distal arteriolar networks. 

These terminal networks are a collection of a relatively small number of arteriole 

segments, with an extremely narrow range of diameters from terminal (~5 µm) to feed 

(~20-30 µm) arterioles. The terminal arteriolar networks originate from transverse 

arterioles that branch from a network of larger arcading/looping arterioles, which are 
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themselves supplied by several feed arteries that provide the bulk blood supply to the 

muscle tissue [6,20]. It has been shown that these arcading networks of larger arterioles 

function as a protective mechanism to maintain adequate blood supply to the tissue in the 

case that one or more of the feeding arterioles are occluded [18]. However, their presence 

in these skeletal muscle preparations presents a limitation to this type of analysis, as they 

must be analyzed separately from the terminal arteriolar networks due to the presence of 

closed loops and arcades.  

The rat gluteus maximus (GM) skeletal muscle preparation is an ideal preparation for 

overcoming these limitations. The thinness and planar geometry of the muscle allows for 

its microcirculation to be readily observed without the infusion of any fixatives or 

vasodilatory substances (i.e. under baseline native conditions) in high resolution with 

bright-field trans-illumination [1,7]. In addition, the GM is supplied by only two feed 

arteries (inferior and superior gluteal arteries) that form two independent tree-like 

networks. These networks each act to supply approximately one-half of the muscle, and 

rarely contain closed loops or arcades [6].  

1.6 From structure to function – role of theoretical blood 

flow modeling in microvascular studies 

A common approach to quantitatively analyze the hemodynamic properties (blood flow, 

red blood cell distribution, oxygen transport, etc.) of large microcirculatory networks is to 

combine experimental data with theoretical approaches. In blood flow modeling, a typical 

approach is to use experimentally derived data on the structural properties (diameters, 

lengths, vessel connectivity) of microcirculatory networks in conjunction with known 

biophysical laws of flow (Poiseuille’s law [59,60,67]) as well as empirically derived 

relationships of the particulate nature of blood in microvessels (Fahreus effect, Phase-

separation effect, Fahreus-Linqvist effect [64,67,68]) in order to predict the distribution 

of blood flow and hematocrit within a network. Predictions of blood flow and hematocrit 

are necessary due to the fact that measurements of certain parameters such as red blood 

cell velocity, intravascular pressure, or wall shear stress in networks with hundreds or 

even thousands of individual segments is difficult or impractical; thus we must rely on 
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theoretical models to obtain complete self-consistent estimates of network hemodynamics 

[25,70].  

Theoretical modeling of blood flow has added a wealth of novel information to the study 

of the microcirculation because of its ability to predict and infer the functional responses 

of microcirculatory networks in a variety of conditions that may be difficult to replicate 

or measure experimentally [81]. For example, our laboratory has extended the 

experimental findings regarding the level of dependence of sympathetic nervous system 

mediated vasoconstriction on topological order to compute the resulting functional 

impact on blood flow and hematocrit distribution under both healthy conditions in the 

skeletal muscle of the rat [2], as well as pre-diabetic conditions in the mouse (Novielli, N. 

et al, 2016, in preparation). Experimental studies of microvascular control and regulation 

provide novel understanding on the mechanisms controlling blood flow, but they are 

enhanced with the use of theoretical modeling as this combination allows for 

understanding of the global functional response of the microvascular network to the 

measured perturbations.  

1.7 Theoretical blood flow models 

With the development of any theoretical model, a primary goal is to validate the 

predictions of the simulations with comparisons to experimentally measured data [81]. A 

model is then validated if its predictions are found to be consistent with experimental 

measurements. Many theoretical models have been developed for simulating blood flow 

in both individual microvessels as well as microvascular networks 

[22,23,26,38,56,78,80]. One of the most popular blood flow models for the study of 

microvascular network hemodynamics was developed by Axel Pries and his colleagues 

from the observations of blood flow in the rat mesentery [67,68].  

This theoretical model was built by using intravital video microscopy to obtain the 

geometric and topological structure of the microcirculation of the rat mesentery, as well 

as microphotometric techniques for the measurement of tube and discharge hematocrit 

values. The model also incorporated parametric descriptions relating to the particulate 
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nature of blood in microvessels (Fahreus effect, Phase-separation effect, Fahraeus-

Linqvist effect) based upon empirically derived measurements [68]. Model results are 

computed using an iterative procedure that alternatively solves for hemodynamic 

parameters (blood flow, pressure) followed by rheological parameters (hematocrit, 

viscosity) until convergence to steady-state values is found in all vessel segments of the 

network. This iterative procedure is necessary due to the non-linear dependence of 

viscosity on local hematocrit and of red blood cell distribution at bifurcations on blood 

flow distribution. 

Boundary conditions, in the form of pressure or flow values at the inlet and outlet vessels, 

are necessary for solving the model equations. In the realistic case where not all boundary 

conditions are known, as is usually the case with large networks [25], a method is 

necessary in order to estimate the boundary conditions.  

1.8 Estimating unknown boundary conditions 

In this thesis, we used a novel approach for estimating unknown boundary conditions in 

large arteriolar networks with missing boundary conditions that was based upon three 

recent studies.  

The first study was from our laboratory, where a novel in vivo method was used to 

measure the RBC velocity profiles in branching arteriolar trees (diameters 21-115 µm) of 

the rat gluteus maximus [1]. The data from this study were used to fix the total (inlet) 

flow for each simulation.  

The least squares optimization approach of Fry et al. was then used to minimize the 

deviation of pressure and wall shear-stresse values in the network given target values for 

the pressure at all nodes and the wall shear stresses in all sub-segments [25]. A limitation 

of this approach occurs when target shear stresses and pressure values must be guessed 

due to lack of experimental data.   

Therefore, a further improvement to the Fry method was developed in our laboratory to 

address this limitation [28,75]. In this approach, the Fry method is modified by 
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performing a second set of iterations in order to the find the target wall shear stress values 

needed to match the total blood flow that was measured experimentally. The target 

pressure value is set to one-half the mean pressure in the network after each iteration.  

1.9 Towards a “network approach” for microcirculation 

research  

The inherent geometric, topological, and hemodynamic heterogeneity exhibited within 

virtually all microvascular networks is the main driving force behind adopting a 

“network” approach to microcirculatory research. This is due to the fact that data 

acquired from local/point-source perturbations, combined with the use of mean or typical 

values for geometric or hemodynamic parameters to estimate unknown values, can lead 

to incorrect conclusions regarding overall tissue structure and/or function [70]. Thus, the 

idea behind a network approach would be, in the ideal scenario, to collect all, or at least a 

sufficiently large sample, of the relevant geometric, topological, and hemodynamic 

parameters of the network in order to reliably interpret and predict the effect of local 

perturbations to overall network function and tissue perfusion. 

While the network approach is ideal in theory, it is extremely challenging, and thus it 

perhaps should not be surprising that it has not been adopted widely as evidenced by the 

dearth of complete microvascular network structure and hemodynamic databases for 

many of the microcirculatory beds previously studied. Some of the challenges to this 

approach include requiring skeletal muscle preparations that readily allow access to 

complete microvascular networks, imaging techniques and processing tools that allow for 

the visualization of the complete network and its inter-connections in high resolution, as 

well as experimental measurements of all the pertinent structural and hemodynamic 

parameters in networks with 100s to even 1000s of individual segments.  

The incredibly comprehensive and collaborative research of Axel Pries, Timothy 

Secomb, Peter Gaehtgens, and their many collaborators on the structure and function of 

microcirculation of the rat mesentery has made it currently the most completely described 

network from a structural as well as hemodynamic perspective. A similar approach 
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leading to a comprehensive database is desperately lacking for microcirculatory networks 

of skeletal muscle, as making inferences from the mesentery to skeletal muscle is not 

ideal. Development of such a database and model would greatly advance the 

understanding of skeletal muscle vascular physiology in both healthy and pathological 

conditions.  

1.10 Purpose of thesis dissertation 

The motivation behind this project is to generate a “mean” model of skeletal muscle 

arteriolar networks for the purposes of better understanding the blood flow behavior in 

the microcirculation of skeletal muscle.  

The first step in accomplishing this goal was to describe the geometric and topological 

structure of the complete arteriolar network of the rat gluteus maximus muscle. Data on 

the diameters, lengths, and connectivity of the vessel segments of the network were 

measured under baseline in situ conditions, and used to analyze the variability within and 

between networks.  

Using the experimentally measured data on the structure of the arteriolar networks of the 

rat gluteus maximus, as well as previously measured in vivo data related to blood flow 

velocities, we determined the functional behavior of the arteriolar networks using 

computational blood flow modeling. Based on the structural and hemodynamic 

characteristics obtained for a number of networks, we selected a representative arteriolar 

network that best encompasses all the relevant parameters that were measured or 

estimated, and may serve as a “mean” model network for future studies of skeletal 

muscle arteriolar network structure, hemodynamics, and regulation.  
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Chapter 2  
 

2 Comprehensive in situ analysis of arteriolar network 
geometry and topology in rat gluteus maximus muscle 
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2.1 Introduction 
In skeletal muscle microcirculation, arterioles play two distinct roles in hemodynamic 

regulation, which are dependent on diameter and/or topological arrangement. Altering 

resistance in larger bore (proximal) arterioles tends to modify total bulk blood flow to the 

tissue; while altering resistance in smaller bore (distal) arterioles plays a pivotal role in 

modifying red blood cell (RBC) distribution to downstream capillary networks [36].  

Due to the inverse power law relationship between arteriolar diameter and resistance, 

studies measuring only arteriolar radius at bifurcations have dominated skeletal muscle 

blood flow research. Microvascular studies using IVVM (in situ) or isolated vessels (in 

vitro) have commonly investigated arteriolar regulation/dysregulation using local ‘point-

source’ interrogation at arteriolar bifurcations [12,17,32]. Although data from such 

studies have shaped our understanding of microvascular control, the contribution of local 

arteriolar responses to global changes in total network resistance, blood flow, and RBC 

distribution is commonly left to inference or speculation.  

For decades, theoretical modelers have stressed that quantitative analysis of the 

distribution of microvascular blood flow and hematocrit requires a detailed description of 

the vascular network geometry [10]. In fact, hemodynamic characteristics of 

microvascular networks can only be adequately described if both topological and 

geometric variability in network structure are taken into account [35]. Although several 

studies have endeavored to characterize the geometry and topology of skeletal muscle 

arteriolar networks, their analyses have been limited to small microvascular segments 

with narrow ranges of arteriolar diameters. For example, geometric analysis of terminal 

arteriolar branching in the cat sartorius [22] as well as the hamster cheek pouch muscle 

[10] has been reported, however such studies have been limited to examining only the 

most distal arterioles, with diameters ranging from ~10-30 µm. Some earlier studies have 

analyzed larger/complete microvascular networks. However, they employed vascular 

casting, a process requiring pharmacological vasodilation of the arterioles (prior to 

casting) [8,11,38], which limits the interpretation, application, and scope of their 

findings.  
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We have established the rat gluteus maximus (GM) preparation as a novel experimental 

model to directly study integrative skeletal muscle hemodynamics in branching 

microvascular networks using intravital video microscopy (IVVM) [1]. The planar 

geometry and uniform thinness of the GM enable access (within a single focal plane) to 

its entire microcirculation for imaging and perturbation. Additionally, the rat GM is a 

skeletal muscle that is recruited during locomotion, common to all mammalian species 

and to both sexes, and is made of a mixed fibre type composition [3,8]. These properties 

of the rat GM make it an ideal skeletal muscle preparation for intravital studies of skeletal 

muscle vascular physiology and hemodynamics.  

Based on the current dearth of geometrically accurate and complete microvascular 

network data, the goal of the present study was to provide a quantitative account of the 

rat gluteus maximus arteriolar network in situ under baseline conditions, and to assess the 

level of geometric/topological heterogeneity across networks from different animals.  

Parameters such as diameter and length as well as overall structure and branching pattern 

are assessed, as they are an essential requirement for computational studies of skeletal 

muscle hemodynamics [34].  

2.2 Materials and Methods 

Animal Care and use: 

The Council on Animal Care at Western University approved all animal procedures. 

Experiments were performed on 8 male Sprague-Dawley rats (aged 8-9 weeks; mean 

± SD mass: 303 ± 15 g), purchased from Charles River Laboratories (Saint-Constant, 

Quebec, Canada) and housed on site for at least 1 week prior to the study. Rats were 

housed in Western University’s animal care facilities under a 12:12 h light/dark cycle in 

temperature controlled (24°C) rooms with access to food and water ad libitum. Each rat 

was weighed at the start of each experiment. At the end of each experiment, the 

anaesthetized rat was sacrificed with an overdose of α-chloralose and urethane cocktail 

mix (i.p. injection).  

Anesthesia and skeletal muscle preparation:  
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The rat gluteus maximus muscle preparation has been described in detail elsewhere[1]. 

Briefly, a cocktail of α -chloralose (80 mg/kg) and urethane (500 mg/kg) was used to 

anaesthetize the rat (i.p. injection), which was supplemented as needed throughout the 

duration of the experiment. The fur of the neck and the lower back region was shaved, 

and the rat was placed on a custom built temperature-controlled platform in order to 

maintain body temperature at 37°C (rectal probe). Surgical procedures were performed 

with the aid of a stereomicroscope. A mid-neck incision was made to allow insertion of a 

tracheal cannula (PE-50) in order to facilitate spontaneous respiration. The rat was then 

positioned prone and the skin covering the lower left region of the back was removed. 

The left gluteus maximus muscle was identified and, while taking great care taken to 

preserve its neurovascular supply, the muscle was delicately cut from its origin along the 

spine and along its rostral and caudal borders. Next, the muscle was gently reflected away 

from the rat onto a transparent (Sylgard 184; Dow Corning, Midland, MI, USA) pedestal, 

spread flat and evenly to approximate in situ dimensions, and the edges of the tissue were 

secured onto the pedestal using stainless steel fly pins. The exposed muscle was 

superfused continuously (4-5 ml/min) with bicarbonate-buffered physiological salt 

solution (PSS, 35 °C at tissue, pH 7.4) of composition (mM): 137 NaCl, 4.7 KCL, 1.2 

MgSO4, 2 CaCl2, and 18 NaHCO3, and equilibrated with 5% CO2 /95% N2 gas.  

Intravital video microscopy:  

Following completion of microsurgical procedures, the rat preparation was transferred to 

the stage of the intravital microscope (Olympus BX51; Olympus, Tokyo, Japan). To 

allow the preparation to stabilize, ~30 min of equilibration with PSS occurred prior to 

data collection, during which time the arteriolar network was mapped for sites of data 

collection (vasomotion was not observed). The arteriolar network was imaged under 

Kohler illumination using a long working distance condenser (NA=0.80) and a long 

working distance water immersion objective (Olympus LUMPLFL: 10x NA = 0.30; 

depth of field ~9µm) with illumination from a 100W halogen light source. A 450/20-nm 

band-pass filter (450BP20; Omega Optical Battleboro, VT, USA) was placed in the light 

path in order to enhance the contrast of the RBC column. The optical image was coupled 

to an EMCCD camera (Rolera EMC2; Qimaging; Surrey, BC, Canada), viewed using 
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specialized imaging software (MetaMorph, version 7.6; Molecular Devices Inc., 

Sunnyvale, CA, USA) and stored on a hard drive for future offline analysis. Following 

~30 min of equilibration, the baseline internal vessel lumen diameter at several arteriolar 

orders was recorded and arterioles were tested for oxygen sensitivity (vasoconstriction) 

by elevating PSS superfusion O2 from 0% to 21% (with 5% C02, balance N2) for ~5 min 

and recording the arteriolar diameter (Table 2). For the duration of the experiment, the 

PSS superfusion was restored to 5% CO2-95% N2. At the end of each experiment, sodium 

nitroprusside (SNP, 10 µM) was added to the superfusate and maximum arteriolar 

diameter was recorded at several arteriolar orders. Only preparations that demonstrated 

robust responses to elevated oxygen and SNP levels were included in this study. The inlet 

feed arteriole (inferior gluteal artery) was identified and located, and bright-field video 

(.tiff) images were collected (17 fps) under Kohler bright-field illumination of the 

emerging daughter arterioles. A total microvascular area of approximately 4 cm2 was 

imaged for each experiment.  

Network montage, geometric measurements, and calculation of fractal dimensions: 

Matlab (MathWorks Inc., Natick, MA, USA) was used to register individual IVVM 

frames together to create a photomontage of the complete arteriolar network. 

Approximately 500 overlapping frames were used to construct each photomontage.  

ImageJ (NIH, Bethesda, MD, USA)[37] was then used to measure the arteriolar 

network’s geometric properties (vessel diameter, lengths). A diameter measurement was 

made approximately every 150 µm along the length of each unbranched arteriolar 

segment, resulting in approximately 1500 sub-segments per network. Mean diameter for 

each arteriolar element (defined as the group of segments connected serially of the same 

topological order [23]) was calculated as the arithmetic average of the diameter measures 

of all sub-segments constituting that element. Element length was calculated as the sum 

of the length of all sub-segments constituting an element. Using MATLAB, a centrifugal 

ordering algorithm (with order increasing at bifurcations when a daughter vessel had a 

diameter <80% of parent, or a bifurcation angle >15°)[2] was applied to the network, 
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resulting in arterioles ranging from 1st (proximal) to 9th (distal) order in 7 of the 8 

networks studied. The remaining network resulted in centrifugal orders of 1 to 8.  

Using this definition of segments and elements, we measured the pattern of 

interconnections of the individual arterioles forming a network by calculating the average 

segment-to-element (S/E) ratio at each order (Figure 3). This ratio provides a measure of 

the level of asymmetry associated with the arterioles of a given topological order [23]. A 

ratio of 1 indicates an equal number of segments to elements (symmetric), while ratios 

greater than 1 indicate higher numbers of segments than elements (asymmetric), resulting 

in multiple segments of an element joining in series, with vessels belonging to the 

subsequent topological order originating as side branches from these serially-connected 

segments.  

Photomontages of networks were digitized using Matlab and a skeletonized binary line 

tracing of the arteriolar networks was produced. FracLac [18], an open-source software 

developed for ImageJ, was used to compute the fractal dimension (Df) using the box-

counting method [25]. The box-counting method determines the number of boxes 

containing a vessel segment using varying box sizes, then calculates Df from the slope of 

the regression line of the logarithm of the number of boxes containing a segment as a 

function of the logarithm of the box size. This method has been applied to vascular beds 

of many organs in the past to calculate the Df  [5,13,15,28,31,41]. 
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Table 2: Arteriolar responses to changes in O2 saturation (21%) and topical 

application of SNP (10-5 M) 

Order Baseline Diameter (µm) O2 response (µm) SNP response (µm) 

1 128 ± 3 -16 ± 3 +27 ± 5 

2 92 ± 2 -10 ± 1 +26 ± 3 

3 68 ± 4 -8 ± 1 +22 ± 2 

4 41 ± 2 -7 ± 1 +20 ± 2 

5 28 ± 1 -6 ± 1 +20 ± 2 

6 20 ± 1 -6 ± 2 +19 ± 1 

7 16 ± 1 -5 ± 2 +15 ± 1 

8 14 ± 1 -8 ± 3 +13 ± 1 

9 12 ± 1 -6 ± 3 +10 ± 1 

Data presented as mean ± SEM (n=8 animals). 

 



32 

 

 

Figure 3: Comparison of centrifugal and centripetal ordering schemes. 

Our centrifugal ordering algorithm assigns the main feed arteriole an order of 1 and 
progressively assigns higher orders when daughter vessels have diameters < 80% of the 
parent and/or bifurcation angles >15°. An arteriolar ‘segment’ is a length of arteriole 
situated between two successive bifurcations. An arteriolar ‘element’ is a group of 
serially connected arteriolar  ‘segments’ within the same topological order.  

Statistical Analyses: 

Experimental data are presented as mean ± SEM, unless otherwise stated. Data were 

analyzed using Prism software (version 6.0g, GraphPad Software Inc., La Jolla, CA, 

USA) and differences were accepted as significantly different at p < 0.05. One-way 

ANOVA was used to test for differences between mean diameter, length, and number of 
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elements between topological orders. Linear regression was performed to evaluate the 

correlation between the natural logarithm of diameter, length, or number of elements and 

the topological order. The coefficient of variability (standard deviation divided by the 

mean) was used to characterize the variation of mean diameter and length with respect to 

topological order. The inter-network variability of the mean diameter [CV(Dmean,i)] or 

length [CV(Lmean,i)], was calculated by determining the mean diameter (Dmean,i) or length 

(Lmean,i) of a given order for each network i (i = 1 to 8), followed by calculating the 

corresponding coefficient of variability. Similarly, the mean intra-network variability, 

[mean CVi(Dmean,i)] or [mean CVi(Lmean,i)], was calculated by first determining the 

coefficient of variability for the mean diameter (Dmean,i) or length (Lmean,i) of a given order 

for each network i (i = 1 to 8), CVi(Dmean,i) or CVi(Lmean,i),  followed by averaging these 

CVi values over the population of networks (n = 8 networks) for each topological order.  

2.3 Results 
Figure 4A provides a visual representation of a typical arteriolar network arising from the 

inferior gluteal feed artery and its location within the gluteus maximus muscle 

preparation.  The network photomontage is constructed offline using an in-house image 

registration algorithm from individual IVVM frames (Figure 4B). The overall topological 

layout of the arteriolar network of the rat GM resembles a branching tree structure, with 

arcading arteriolar loops occurring rarely [7]. This overall tree-like pattern of the 

microvascular network is exhibited in other skeletal muscle preparations such as the 

cremaster [7].  
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Figure 4: Gluteus maximus muscle preparation and corresponding photomontage 

Location of arteriolar network studied within the rat gluteus maximus muscle (A). 
Photomontage of IVVM frames (10x: 573 frames, 1004x1002 dpi) used to reconstruct 
complete arteriolar network (B).  

The means of the internal luminal diameters (Figure 5A) and element lengths (Figure 5B) 

decreased with increasing vessel order. The number of elements at each vascular order 

increased with increasing vascular order (Figure 5C). Note that for calculation of mean 

lengths, 1A arterioles were excluded due to the inability to reliably measure the total 

length of the feed arteriole entering the skeletal muscle preparation. In figure 3C, 

elements of order 6,7, and 8 that were not a terminal branch were grouped into one group 

(non-terminal), while the remaining elements of order 6,7,8, and 9 that were true terminal 

branches (i.e., directly supplied capillary beds) were grouped into another group 

(terminal).  
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Mean diameter and length decreased with increasing topological order, while number of 
elements increased with increasing topological order. Data presented as mean ± SEM 
(n=8 animals). (* significantly different from subsequent order at p < 0.05, ** 
significantly different from previous order at p < 0.05).    
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Figure 5: Relationships between mean internal luminal diameter (top), vessel 

element length (middle), and number of elements (bottom) and order. 
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To test the validity of Horton’s laws in the arteriolar network of the rat GM, we 

performed linear regression analysis between the natural logarithm of each geometric 

variable (internal luminal diameter, element length, and number of elements) and 

topological order. Three slightly different methods (inputs) were used to calculate the 

diameter, length, and bifurcation ratios similar to previous studies [10,11,22].  

The first input was derived using data from all networks, which were combined to 

calculate mean values (Table 3). Using this input, the mean internal vessel diameter (Di) 

vs. the order (i) is fitted by ln(Di) = 5.082 - 0.3209i (i =1 to 9), R2 = 0.9748 (P<0.0001). 

The diameter ratio (RD1) is determined by the slope of the regression line; RD1= e0.3209 = 

1.3784. The mean vessel element length (Li) vs order (i) is fitted by ln(Li) = 9.136 - 

0.3842i (i =1 to 9), R2 = 0.9763 (P<0.0001). The length ratio (RL1) is determined by the 

slope of the regression line; RL1= e0.3842 = 1.4684, R2 = 0.9748 (P<0.0001). The mean 

number of vessel elements (Bi) vs order (i) is fitted by ln(Bi) = 0.7045i – 0.6561 (i =1 to 

7), R2 = 0.9878 (P<0.0001). The bifurcation ratio (RB1) is determined by the slope of the 

regression line; RB1= e0.7405 = 2.0969.  

The second input was derived by performing linear regressions on the mean values 

(diameter, length, number of elements) vs. order for each individual network separately, 

followed by averaging the ratios obtained for each network over the population of 

networks (Table 4). The diameter ratio (RD2), length ratio (RL2), and bifurcation ratio 

(RB2) according to this second definition were 1.3892, 1.4861, and 2.0980 respectively 

(Table 3). 

Lastly, the third input was derived by averaging the mean values (diameter, length, 

number of elements) at each order for each individual network, followed by a linear 

regression analysis of the final averaged values. The diameter ratio (RD3), length ratio 

(RL3), and bifurcation ratio (RB3) according to this third definition were 1.3821, 1.4860, 

and 2.1347 respectively (Table 3).   



37 

 

Table 3: Diameter, length, and bifurcation ratios (Horton's Laws) according to 

three inputs. 

Input Diameter 
(RD) 

Length 
(RL) 

Bifurcation 
(RB) 

1) Regression for all networks combined 1.3784 1.4684 2.0969 

Correlation Coefficient (R2) 0.9763 0.9748 0.9878 

2) Averages of regressions of each network 1.3892 1.4861 2.1347 

Correlation Coefficient (R2) 0.9633 0.9501 0.9747 

3) Regression for mean values of each 
network 1.3821 1.4860 2.0980 

Correlation Coefficient (R2) 0.9496 0.9182 0.9647 

 

Table 4: Distribution of ratios for all networks studied (input 2) 

Network RD (R2) RL (R2) RB (R2) 

1 1.4247 (0.98) 1.4529 (0.99) 2.1673 (0.99) 
2 1.3526 (0.99) 1.4601 (0.96) 2.1385 (0.99) 
3 1.3503 (0.97) 1.4102 (0.91) 1.9263 (0.95) 
4 1.3788 (0.98) 1.5238 (0.96) 2.1730 (0.99) 
5 1.4310 (0.95) 1.4957 (0.92) 2.3755 (0.99) 
6 1.3486 (0.92) 1.4909 (0.90) 1.9423 (0.92) 
7 1.3903 (0.96) 1.5135 (0.98) 2.1187 (0.96) 
8 1.4372 (0.96) 1.5414 (0.98) 2.2360 (0.99) 

Mean 1.3892 (0.96) 1.4861 (0.95) 2.1347 (0.97) 
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With all three inputs, the relationships between the natural logarithm of mean diameters, 

lengths, and number of elements as a function of order was strong (R2 ≥ 0.9), thus 

indicating that Horton’s laws are obeyed within the arteriolar networks of the rat gluteus 

maximus. The ratios obtained from this analysis accurately predict the sequence of mean 

values of the corresponding variable (diameter, length, number of elements) from given 

1st order values (Figure 6).  

 



39 

 

 

 

 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

Order

M
ea

n 
Di

am
et

er
 (μ

m
)

Predicted Mean Diameter (µm)
Observed Mean Diameter (µm)

2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

Order

M
ea

n 
El

em
en

t L
en

gt
h 

(μ
m

)

Predicted Mean Length (µm) 
Observed Mean Length (µm)

1 2 3 4 5 Non-Terminal 
(6,7,8)

Terminal 
(6,7,8,9)

0

10

20

30

40

50

60

70

80

90

100

110

120

Order

M
ea

n 
Nu

m
be

r o
f E

le
m

en
ts

Predicted Number  of Elements
Observed Number of Elements
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predicted (using diameter, length, and bifurcation ratios - input 3) and observed. 

Data presented as mean ± SEM (n=8 animals). 
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In assessing the level of variation of geometric variables (diameters, lengths) between 

and within networks, we found relatively lower levels of heterogeneity of mean diameters 

and lengths between networks (diameters: 1.17 to 22.73 %, lengths: 17.53 to 31.32%) 

than within networks (diameters: 9.58 to 48.54%, lengths: 38.97 to 106.01%) (Table 5). 

The levels of both inter-network as well as intra-network heterogeneity typically 

increased with increasing topological order, peaking at orders 5 and 6, followed by a 

decreasing trend from orders 7 to 9 (Table 5). 

Table 5: Summary of mean diameters and lengths at each order, with associated 

variability. 

CV(Dmean,i) & CV(Lmean,i) represent the inter-network variability of mean diameter and 
length respectively. Mean CVi(D) & Mean CVi(L) represent the average intra-network 
variability of diameter and length respectively. Mean Diameter and Mean Length are 
given in µm (n=8 animals).  

 

Order Mean 
Diameter CV(Dmean,i) 

Mean  
CVi( Dmean,i ) 

Mean 
Length CV(Lmean,i) 

Mean  
CVi( Lmean,i ) 

1 131.8 1.17% 0.00% - - - 

2 97.99 5.37% 9.58% 4998 20.31% 40.90% 

3 66.08 19.38% 33.34% 3572 31.32% 59.35% 

4 41.11 22.72% 43.35% 1893 26.80% 90.80% 

5 26.96 17.16% 46.91% 1122 20.41% 100.48% 

6 21.07 21.06% 48.54% 842.5 17.53% 106.01% 

7 16.9 17.51% 40.56% 599.1 20.22% 80.03% 

8 12.53 16.05% 30.20% 476.3 22.90% 89.07% 

9 11.23 9.55% 27.77% 310 24.07% 38.97% 
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Frequency distributions of diameters (Figure 7) and lengths (Figure 8) at orders 2-9 were 

analyzed in order to further examine the dispersion of diameters and lengths at each 

topological order. Vessel diameters and lengths were fitted by a Gaussian distribution (p 

< 0.05) at orders 2 to 9 with high chi-square goodness-of-fit values for both diameters 

(2nd order: R2 = 0.9060, 3rd order: R2 = 0.5333, 4th to 9th order: R2 > 0.80) and lengths (2nd 

order: R2 = 0.2815, 3rd order: R2 = 0.3771, 4th to 9th order: R2 > 0.80).  
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Figure 7: Frequency distributions of diameters for vessels of order 2-9. 

Distributions were fit with a Gaussian function with high chi-square goodness-of-fit 
values (2nd order: R2 = 0.9060, 3rd order: R2 = 0.5333, 4th to 9th order: R2 > 0.80). Center 
vertical line represents mean, while horizontal line represents standard deviation. 
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Figure 8: Frequency distributions of lengths for vessels of order 2-9. 

Distributions were fit with a Gaussian function with high chi-square goodness-of-fit 
values (2nd order: R2 = 0.2815, 3rd order: R2 = 0.3771, 4th to 9th order: R2 > 0.80). Center 
vertical line represents mean, while horizontal line represents standard deviation. 
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The S/E ratio was greatest in proximal (lower-order) arterioles (orders 2 to 4) and 

decreased towards distal (higher-order) arterioles (orders 5 to 9). The highest S/E ratio, 

and thus greatest asymmetry of bifurcations with regards to change in order, was found in 

3rd order arterioles (Table 6).  

Table 6: Segment-to-Element ratio for orders 1-9. 

Order S/E 

1 1.25 ± 0.25 

2 1.54 ± 0.39 

3 1.94 ± 0.25 

4 1.81 ± 0.28 

5 1.29 ± 0.07 

6 1.37 ± 0.05 

7 1.18 ± 0.04 

8 1.08 ± 0.02 

9 1 ± 0.00 

Data presented as mean ± SEM (n=8 animals). 

Finally, fractal analysis was used as another tool to measure the inter-network structural 

homology. Fractal analysis quantitatively describes the network’s spatial complexity by 

computing its fractal dimension – a measure of a network’s vascular complexity. The 

arteriolar networks of the rat GM exhibited strong homology with respect to their fractal 

dimension (Df: 1.3315 to 1.4202, CV of 1.86%), (Figure 9).  
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Network 1 Network 2 Network 3 Network 4 

    

1.4020 ± 0.01 

R2 = 0.99 

1.3315± 0.01 

R2 = 0.99 

1.3851 ± 0.01 

R2 = 0.99 

1.3814 ± 0.01 

R2 = 0.99 

Network 5 Network 6 Network 7 Network 8 

    

1.3907 ± 0.01 

R2 = 0.99 

1.3922 ± 0.01 

R2 = 0.99 

1.3726 ± 0.01 

R2 = 0.99 

1.4202 ± 0.01 

R2 = 0.99 

Figure 9: Fractal analysis of arteriolar networks. 

Single line tracings of arteriolar networks with associated Fractal Dimensions (Df  ±SEM) 
below each tracing. The mean ± SEM of the Df was 1.3844 ± 0.01 (CV = 1.86%). 
 

2.4 Discussion 
This study provides the first comprehensive and detailed analysis of the overall geometric 

and topological structure of arteriolar networks within the rat gluteus maximus muscle. 

Importantly, it is one of a few morphological studies employing IVVM to image and 
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record geometric data under baseline conditions, as opposed to the more traditional 

vascular casting technique that requires a vasodilator substance to be infused prior to data 

collection and analysis.   

It has been shown in many vascular networks that vessel lengths, diameters, and number 

of elements follow a geometric sequence with respect to topological order [19,20,39]. 

These relationships are known as Horton’s Laws [16,33]. Applying Horton’s Laws to 

microvascular networks results in ratios that describe the change in the geometric 

variables (diameter, length, number of elements) between orders. Owing to the unique 

structure of the arteriolar network within the rat gluteus maximus, we were able to 

perform analysis and confirm Horton’s laws over a wider range of diameters, lengths, and 

topological orders than previously done in other skeletal muscle preparations. We report 

a similar diameter (RD: 1.38) and length ratio (RL: 1.46) to those measured from other 

skeletal muscle arteriolar networks (RD: 1.25-1.63, RL: 1.33 to 2.59). The bifurcation 

ratio from our study (2.09) is smaller than previously reported from other studies (2.56 to 

3.43)[10,11,22].  

With regards to the levels of geometric homology between and within networks, we 

found relatively lower heterogeneity of mean diameters and lengths between networks 

(17 to 31%) than within networks (38 to 106%). The intra-network heterogeneity was 

highest at the middle branches of the network (orders 5 and 6). Additionally, the S/E ratio 

was highest (i.e. most asymmetric) in the vessels of order 3 and 4. Varying levels of 

geometric and topological heterogeneity of microvascular networks have been shown to 

lead to corresponding heterogeneity of various hemodynamic parameters such as blood 

flow, resistance, and RBC distribution [35].  In order to elucidate the functional 

consequences of the observed geometry and topology of the rat GM, and the extent to 

which the hemodynamics characteristics of networks vary within and between networks, 

a detailed study of the network hemodynamics is required.  

Arteriolar networks often exhibit self-similarity by virtue of their geometric properties 

(diameter, lengths, elements) following a power-law relationship with respect to order 

[33]. It is this property of self-similarity that allows for these arteriolar networks to be 
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analyzed using fractal geometry principles. Indeed, fractal analysis has been performed 

on many microvascular networks in a variety of tissues, under both healthy and 

pathological conditions [5,9,24,30].  

Fractal analysis has been used to characterize hemodynamic properties such as mass 

transport and flow distribution in many vascular networks. For example, the fractal 

dimension has described differences in blood flow heterogeneity in the coronary 

circulation among pigs [40], baboons, sheep, and rabbits [6]. As well, the fractal 

dimension has been used to describe the magnitude of angiogenesis and vascular 

remodeling in many tissues. In the chick chorioallantoic membrane, several research 

groups have used fractal analysis to quantify changes in microvascular structure and 

neovascularization due to application of angiogenesis promoting and inhibiting drugs. To 

illustrate, Knoll et al. reported that the fractal dimension decreased with delivery of the 

anti-angiogenic drug Amiloride [21] and Mancardi et al. reported that the fractal 

dimension increased with delivery of pro-angiogenic fibroblast growth factor (FGF) [29]. 

Finally, the fractal dimension has been explored in clinical applications as a quantitative 

measure for delineating between healthy and pathological microvascular network 

structure, such as in the capillary structure of the oral mucosa in patients with atrophic-

erosive oral lichen planus [27], retinal microvasculature in coronary heart disease [26], as 

well as in characterizing cancer tumor microvessel structure [4,14]. 

 The fractal dimensions derived for our networks ranged from 1.33 to 1.4202. Other 

reports of fractal dimension in other microvascular networks have ranged from 1.3 to 1.8 

[30]. The usefulness of calculating the fractal dimension is two fold. First, it allowed for a 

quantitative comparison of the overall structural complexity of the arteriolar networks 

within the rat GM. Through this we found that our networks, in terms of their overall 

structure, varied only a small amount (CV = 1.86%), thus confirming the relatively high 

geometric and topological similarity between networks discussed above. The second 

implication of calculating a fractal dimension will be its use in differentiating normal 

network structure from pathological conditions in future studies of the arteriolar networks 

of the rat GM.  
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2.5 Conclusion 
We have provided a detailed quantitative analysis of the overall structure of rat GM 

arteriolar networks under baseline in situ conditions. These complex arteriolar networks 

followed similar geometric and topological patterns (i.e., Horton’s laws) as the smaller 

terminal arteriolar networks of other skeletal muscle preparations.  Ultimately, this study 

provides ideal geometric and topological parameters for use in theoretical studies of 

hemodynamics and blood flow regulation in complete/large microvascular networks with 

wide ranges of diameters and lengths.  
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Chapter 3  
 

3 Hemodynamic analysis of arteriolar networks in the rat 
gluteus maximus muscle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is in preparation to be submitted to the journal Microcirculation in 

September 2016.  
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3.1 Introduction 

Theoretical blood flow modeling enables comprehensive analysis of hemodynamics of 

microvascular networks [23]. Often, microvascular networks exhibit high degrees of 

geometric and topological heterogeneity with regards to the distribution of the diameters, 

lengths, inter-connections, and flow pathways of the vessels forming the network [15,17]. 

Thus, a principal component of any computational study of network hemodynamics is to 

precisely define the network structure in terms of its geometric and topological 

organization [19].  

Recently, we have provided detailed geometric and topological data describing the 

arteriolar network structure of the rat gluteus maximus muscle [1]. The data was collected 

in vivo using intravital videomicroscopy (IVVM), capturing the geometry and topology 

of the network under native baseline conditions. Our approach represents a marked 

improvement upon many previous studies of skeletal muscle arteriolar networks, both in 

terms of the technique in obtaining data as well as in the size and complexity of the 

networks. For example, previous studies describing microvascular geometry/topology 

have used vascular casting methods, requiring perfusion of vasodilatory agents and 

fixatives in an effort to visualize microvascular networks [4,5]. However, data captured 

under such conditions will vary from baseline conditions, especially with regards to 

diameters (due to the infusion of vasodilatory agents), bifurcation angles (evidence for 

change in angle with change in flow, which would change under maximal dilation [6]), 

and hemodynamics (blood flow, RBC distribution, resistance would all change under 

maximum diameters). Additionally, detailed analysis of skeletal muscle arteriolar 

network geometry and topology is often limited to the distal portions of networks 

(terminal arteriolar branches).  

Therefore, the objective of this current study is to use recently collected in situ structural 

data as inputs into a computational blood flow model in order to assess the functional 

behavior of the arteriolar networks of the rat GM in terms of their hemodynamics. We 

assessed the variability of blood flow rates and hematocrit (discharge and tube) 

distribution within and between networks in order to measure the level of heterogeneity 
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within and between networks. Additionally, we sought to identify a network that may 

serve as a “mean” arteriolar network for future theoretical studies of skeletal muscle 

hemodynamics and blood flow regulation.  

3.2 Materials and Methods 

Data source: 

In situ data were utilized from a previous study involving the measurement of geometric 

and topological properties of complete arteriolar networks (n = 7) of the rat GM 

preparation using IVVM [1]. Briefly, complete arteriolar networks arising from the 

inferior gluteal artery in the left GM of Sprague-Dawley rats were scanned under baseline 

conditions. Matlab (MathWorks Inc., Natick, MA, USA) was used to register individual 

IVVM frames together to create a photomontage of the complete arteriolar network. 

Approximately 500 overlapping frames were used to construct each photomontage. 

ImageJ (NIH, Bethesda, MD, USA)[22] was then used to measure the arteriolar 

network’s geometric properties (vessel diameter, lengths). A diameter measurement was 

made approximately every 150 µm along the length of each unbranched arteriolar 

segment, resulting in approximately 1500 sub-segments per network. Using Matlab, an 

automated centrifugal ordering algorithm (with order increasing at bifurcations when a 

daughter vessel had a diameter <80% of parent, or a bifurcation angle >15°)[3] was 

applied to each network, resulting in arterioles ranging from 1st (proximal) to 9th (distal) 

order in 6 of the 7 networks studied. The remaining network resulted in centrifugal orders 

of 1 to 8.  

Photomontages of arteriolar networks were converted into mathematical representations 

by constructing a scaled network of vessels made up of nodes connected by cylindrical 

sub-segments (Figure 10). Approximately 1500 discrete nodes were used to 

mathematically model each network, with an average distance of approximately 150 µm 

between each node, resulting in 145 to 279 vessel segments (and approximately 1500 

sub-segments) per network.  
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Figure 10: Schematic of node-segment representation in a simplified arteriolar 
network. 
Arteriolar networks are discretized into cylindrical sub-segments connected through 
nodes. Sub-segments connected serially in between two bifurcation nodes are termed a 
segment. A number of segments connected serially within the same topological order are 
termed an element. Numbers indicate topological order. 

 

Blood flow modelling: 

Given information on diameters, lengths, and topological arrangement of all sub-

segments in a network, a two-phase (RBC and plasma) continuum blood flow model 

developed in-house was used to calculate the steady-state distribution of total blood flow 

(Q) and hematocrit (Discharge Hematocrit HD, Tube Hematocrit HT) throughout each 

arteriolar network [8,9]. The model is governed by Poiseuille’s law [14], and takes into 
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account the rheological behavior of blood through microvessels. Specifically, the 

Fahraeus effect (reduction of tube hematocrit with decreasing vessel diameter), phase-

separation effect (uneven distribution of RBC and plasma at bifurcations), and the 

Fahreus-Lindqvist effect (reduction of viscosity with decreasing vessel diameter and 

hematocrit) are incorporated into the model based on empirical models derived from in 

vivo observations in the rat mesentery [16,20].  

The mass conservation equations for overall blood and RBC volume flow into each node 

j are: 

𝑄*+ = 0
*

																																																													Eq. 1 

𝐻4*+𝑄*+ = 0
*

																																																										Eq. 2 

where each cylindrical vessel sub-segment ij is labeled by its nodes and the sums are over 

all nodes i connected to node j. The flow (Q) in sub-segment ij is given by the pressure 

difference across the sub-segment ij, divided by the hydrodynamic (Poiseuille) resistance 

of that sub-segment. Expressed mathematically:  

𝑄*+ =
𝑝* − 𝑝+
𝑅*+

																																																												Eq. 3 

𝑅*+ =
8𝜂<=𝜂>?@𝐿
𝜋𝑟D 																																																											Eq. 4 

 

where 𝜂<= is the viscosity of plasma, 𝜂>?@ is the apparent viscosity of blood (relative to 

plasma viscosity), L is the length of the vessel sub-segment, and r is the radius of the sub-

segment.  
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Due to the non-linear rheological effects included in the model, solutions to the 

governing flow and hematocrit equations are solved alternately until satisfactory 

convergence occurs (error tolerance set to 10-11).  

Boundary Conditions: 

The required boundary conditions necessary for solution of the model are the pressure (or 

flow) at all inflow and outflow nodes, as well as the discharge hematocrit at all inflow 

sub-segments.  

The discharge hematocrit at the inlet sub-segment was assigned a value of 0.42 (typical 

value of blood sample hematocrit of Sprague-dawley rat [2]).  

The pressure at the inlet node of the feed arteriole was fixed to a value of 80 mmHg.  

Outflow boundary pressure conditions are generally not known and difficult to measure, 

and therefore must be estimated. Since network flow resistance and blood flow 

distribution were of primary interest, the total blood flow into each network was set to 

match experimentally measured values in similar arteriolar branching trees of the rat GM 

based on the empirically derived equation [2]: 

𝑄 = 10FG.DG𝐷I.JG                                             Eq.5 

where D is the internal luminal diameter of the arteriole. Next, a least-squares approach 

was used that finds outflow pressures by minimizing the deviation of wall shear stresses 

(WSS) in all sub-segments and pressures at all nodes from given target values [7]. This 

approach was modified by performing a second set of iterations to estimate the target 

shear stress needed to match total blood flow and setting the target pressure to one-half 

the mean pressure in the network after each iteration [10,21].  

 

Effective Network Resistance: 

For a network with a single inlet and uniform pressure at all outlets, overall flow 

resistance (ℛ'(') can be estimated as:  



59 

 

ℛ'(' =
Δ𝑃
𝑄'('

																																																													Eq. 6	

where Δ𝑃 is the total pressure drop across the network and 𝑄'('	is the total flow through 

the network.   

However, this approach cannot be used with variable outlet pressures, as is the case for 

the current approach used in this study for approximating outflow boundary conditions.  

Therefore, we assume the work to pump blood through the network can be expressed as:  

𝑊 = 𝑄'('𝛥𝑃																																																														Eq. 7 

where 𝛥𝑃 is an effective mean pressure drop across the network, and use the fact that:  

𝑊 = 𝑄*	𝛥𝑃*
(Q'=R'S

																																																					Eq. 8 

where ΔPU is the pressure drop between the inlet node and the outlet node connected to 

sub-segment i.  Then, based on the definition of ℛ'('  in Eq.6, the effective network 

resistance can be estimated as: 

ℛ'(' =
1
𝑄'('I

𝑄*	𝛥𝑃*
(Q'=R'S

																																															Eq. 9 

 Statistical Analyses: 

Experimental data are presented as mean ± SEM, unless otherwise stated. Data were 

analyzed using Prism software (version 6.0g, GraphPad Software Inc., La Jolla, CA, 

USA) and differences were accepted as significantly different at p < 0.05. One-way 

ANOVA was used to test for differences between mean blood flow of each network and 

topological orders, as well as between mean blood flow at terminal segments for each 

network. Non-linear regression (exponential decay) was performed to evaluate the 

correlation between mean blood flow of all networks and topological order. Linear 

regression was performed to evaluate the correlation between mean hematocrit (discharge 

and tube) of all networks and topological order. The coefficient of variability (standard 
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deviation divided by the mean) was used to characterize the variation of mean blood flow 

and hematocrit with respect to topological order. The inter-network variability of the 

mean blood flow, [CV(Qmean,i)], or mean hematocrit, [CV(HDmean,i)] and [CV(HTmean,i)], 

was calculated by determining the mean blood flow (Qmean,i) or mean hematocrit 

(HDmean,i), (HTmean,i) of a given order for each network i (i = 1 to 7), followed by 

calculating the corresponding coefficient of variability. Similarly, the average blood flow 

intra-network variability, [mean CVi(Qmean,i)], was calculated by first determining the 

coefficient of variability for the mean blood flow (Qmean,i) of a given order for each 

network i (i = 1 to 7), CVi(Qmean,i),  followed by averaging these CVi values over the 

population of networks (n = 7 networks) for each topological order.  

3.3 Results 

Table 7 describes some of the basic geometric and topological characteristics of each 

network considered. Each network was fed by a single inlet vessel (inferior gluteal 

artery), progressed through 8 to 9 orders of bifurcations, and terminated with an average 

of 109 ± 22 outlet (terminal) arterioles. The average pressure drop from the feed to the 

terminal node was 18 ± 6.15 mmHg, in agreement with a previous result for similar 

arteriolar networks [3].  
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Table 7: Characteristics of the arteriolar network models. 

Network 
No. of 

orders 

Total No. 

of nodes 

No. of 

bifurcation 

nodes 

No. of 

Segments 

No. of 

inflow 

segments 

No. of 

outflow 

segments 

Average 

pressure drop 

at outlets 

1 9 1644 236 235 1 118 28.83 

2 9 1657 212 211 1 107 10.71 

3 9 1222 180 179 1 90 19.77 

4 9 1629 236 235 1 118 12.61 

5 9 1511 238 237 1 119 14.02 

6 8 1178 146 145 1 73 20.11 

7 9 1727 280 279 1 140 20.09 

Mean 8.89 ± 0.14 1509 ± 83 218 ± 17 217 ± 17 1 109 ± 8 18 ± 2.33 

Data presented as mean ± SEM  (n=7 animals). Pressure drop given in mmHg. 

Mean blood flow through each vessel segment of all networks exponentially decayed 

(Exponential decay fit: R2 = 0.99) with increasing topological order (1A to 9A) (Figure 

11). The inter-network coefficient of variation (a measure of variability of blood flow 

distribution between networks) ranged from 3.43% at 1A to 35.94% at 9A, with a 

maximum variation of 45.51% and 70.54% occurring at orders 6A and 7A respectively.  
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Figure 11: Relationship between mean blood flow and topological order. 
Mean blood flow through each vessel segment of all networks exponentially decayed 
(Exponential decay fit: R2 = 0.99) with increasing topological order. Inter-network CVs 
are labeled above each data point. Data points are mean ± SEM (n = 7 networks).  

 

Log-Log plots between blood flow and diameter exhibited a strong linear correlation for 

each network (Linear Regression fit: R2 > 0.90, p < 0.001)) (Figure 12). The slopes of the 

linear regression lines ranged from 2.801 to 3.104, with a mean ± SD of 2.966 ± 0.11 

(Table 8).  The slope of the linear regression line when data from all networks were 

pooled into one plot was 2.907 (Linear Regression fit: R2 = 0.89, p < 0.001).  
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Figure 12: Log-log relationship between blood flow and arteriolar diameter. 
Log-Log plots between blood flow and diameter exhibited a strong linear correlation for 
each network (Linear Regression fit: R2 > 0.90, p < 0.001). The slopes of the linear 
regression lines ranged from 2.801 to 3.104, with a mean ± SD of 2.966 ± 0.11. The slope 
of the linear regression line when data from all networks were pooled into one plot was 
2.907 (R2 = 0.89, p < 0.001). 
 

Table 8: Relationship between blood flow and arteriolar diameter. 

Network Linear Regression equation R2 95% confidence interval of 
slope 

1 log(Q) = 2.801*log(D) - 3.714 0.91 2.757 to 2.845 

2 log(Q) = 3.043*log(D) - 4.417 0.92 2.998 to 3.087 

3 log(Q) = 2.973*log(D) - 4.076 0.94 2.929 to 3.016 
4 log(Q) = 3.104*log(D) - 4.561 0.90 3.055 to 3.153 

5 log(Q) = 2.805*log(D) - 3.732 0.90 2.751 to 2.858 

6 log(Q) = 3.044*log(D) - 4.179 0.93 3.003 to 3.085 

7 log(Q) = 2.965*log(D) - 4.229 0.90 2.919 to 3.011 

Pooled log(Q) = 2.907*log(D) - 4.061 0.89 2.887 to 2.927 
Q and D are flow (nL/sec) and diameter (µm). Linear regression slopes significant at p < 
0.0001. 
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The mean blood flow through each topological order of each network did not differ 

significantly across networks (One way ANOVA, p = ns) (Figure 13A and 13B). The 

average intra-network coefficient of variation (an average measure of variability of blood 

flow distribution within each network) ranged from 3% at order 1A to 118% at 9A, with 

a peak in average variability of 164% and 188% occurring at orders 6A and 7A 

respectively.  
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Figure 13 (A&B): Relationship of mean blood flow between networks at orders 1-4 
(A) and 5-9 (B), with average intra-network variability expressed above each group. 
The mean blood flow at each topological order of each network did not differ 
significantly across networks (One way ANOVA, p = ns). The average intra-network 
coefficient of variation ranged from 3% at order 1A to 118% at 9A, with a peak in 
average variability of 164% and 188% occurring at orders 6A and 7A respectively. Data 
presented as mean ± SEM (n = 7 networks).  
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The mean blood flow through each outflow (terminal) segment did not differ significantly 

between networks (One way ANOVA, p = ns) (Figure 14). However, the variability in 

flow through terminal segments of each network was extremely high, with CV’s ranging 

from 184.30% to 426.21%, with an average CV of 260.51%.  

 
Figure 14: Relationship of mean outlet blood flow between networks. 
The mean blood flow through each outflow (terminal) segment did not differ significantly 
between networks (One way ANOVA, p = ns). However, the variability in flow through 
terminal segments of each network was extremely high, with CV’s ranging from 
184.30% to 426.21%, with an average CV of 260.51%. Data presented as mean ± SEM.  

 

Mean discharge and tube hematocrit of all networks exhibited a linearly decreasing trend 

with increasing topological order (Linear regression: R2 = 0.9638 for HD, R2 = 0.9762 for 

HT) (Figure 15). The inter-network coefficient of variation of hematocrit increased with 

increasing topological order for both discharge (1A: 0.05%, 9A: 14.51%) and tube 
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hematocrit (1A: 0.26%, 9A: 15.57%), with the highest variation occurring at the distal 

orders (6A to 9A).   

 

Figure 15: Relationship between mean hematocrit of all networks and order. 
Mean discharge and tube hematocrit of all networks exhibited a linearly decreasing trend 
with increasing topological order (Linear regression: R2 = 0.9638 for HD, R2 = 0.9762 for 
HT). The inter-network coefficient of variation of hematocrit increased with increasing 
topological order for both discharge (1A: 0.05%, 9A: 14.51%) and tube hematocrit (1A: 
0.26%, 9A: 15.57%), with the highest variation occurring at the distal orders (6A to 9A). 
Data presented as mean ± SEM.    
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The effective network resistance (ℛ'(') was compared between all networks (Figure 16). 

ℛ'('	ranged from 1196.09 to 3508.85 PRU, with an overall mean ± SD of 2198.01 ± 

309.11.  

 
Figure 16: Comparison of effective network resistance (𝓡𝒕𝒐𝒕) between networks. 
ℛ'('  ranged from 1196.09 to 3508.85 PRU, with an overall mean ± SEM of 2198.01 ± 
309.11. ℛ'('  presented in PRU units (mmHg*ml/min).  
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Finally, from the 7 networks analyzed, a “mean” (i.e. most representative) network is 

chosen based on its structural (geometric and topological) and hemodynamic properties 

closely aligning with mean values.  Towards this goal, network 7 is suggested (Table 9).  

Table 9: Comparison of structural and hemodynamic properties between mean of 

all networks and network 7 

Property Mean of all 
networks Network 7 Percent 

deviation 

Structural     

No. of orders 8.89 9 1.22% 

RD 1.4016 1.4372 2.48% 

RL 1.4896 1.5413 3.35% 

RB 2.1661 2.2360 3.24% 

Fractal Dimension 1.3844 1.4202 2.52% 

Hemodynamic    
Average Pressure Drop (mmHg) 18.02 20.09 10.30% 

Effective Network Resistance (PRU) 2198.01 2118.98 -3.73% 

Slope of log(Q) vs log(D) 2.907 2.965 1.96% 
Percent deviation calculated as: (Network 7 - Mean of all networks)/(Network 
7)*100%. Structural data taken from ref [1]. 
 

3.4 Discussion 

In an effort to determine the functional (hemodynamic) characteristics of arteriolar 

networks within locomotive skeletal muscle, we used recently reported baseline in situ 

arteriolar network geometry and topology from rat gluteus maximus muscle as inputs for 

our computational blood flow model. Using our computational blood flow model, and 

building upon previous methods for estimating unknown boundary conditions, we 

analyzed the distribution of blood flow and hematocrit through complex arteriolar 

networks in skeletal muscle, as well as the associated variability exhibited between and 

within networks.  
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Based on our simulations, arteriolar networks of the rat GM exhibit strong inter-network 

homology with respect to blood flow as a function of topological order. In all networks, 

the mean blood flow decreased exponentially with increasing topological order, with no 

significant difference in mean blood flow between networks at all topological orders.  

Furthermore, the inter-network variability of mean blood flow at each topological order 

(~3 to 36%) was consistently much lower than the corresponding intra-network 

variability (~50 to 118%). Therefore, although the distribution of blood flow with respect 

to topological order may be highly heterogeneous within networks, this intra-network 

variability is likely a consistent feature across all networks leading to relatively 

homogenous distributions of inter-network blood flow.  

Similarly, mean discharge and tube hematocrit were found to decrease at progressively 

higher topological orders, with a correspondingly slight increase in inter-network 

heterogeneity at orders 6A to 9A. The fall in tube hematocrit (RBC fraction of daughter 

vessels originating from a “reservoir” or “discharge” parent vessel) is explained by the 

Fahraeus effect. This effect is in part due to the higher velocity of RBCs relative to 

plasma. This difference in velocity is caused by the axial migration of RBCs towards the 

center of the vessel, creating a cell-free (plasma) layer near the wall of the vessel. This 

difference in velocity between RBC and plasma leads to a higher volume concentration 

of RBC within the daughter (narrower) vessels in comparison to the parent (larger) 

vessel. The increase in variability reflects an increase in spatial heterogeneity of RBC 

supply, possibly leading to an increase in heterogeneity of oxygen transport as well. The 

increase in heterogeneity observed for both blood flow and hematocrit is likely related to 

the unsymmetrical nature of the arteriolar networks, which possess flow paths to outflow 

segments of varying diameters, lengths, and number of bifurcations. In analyzing the 

distribution of vessel diameters and lengths, we observed the highest levels of intra-

network heterogeneity at the distal orders, especially 6A to 8A [1].  

The log-log relationships of blood flow and diameter further reinforce the observed 

homology exhibited between networks, as reflected by the small variances in slopes of 

linear regression lines. Our simulations indicate a close agreement to Murray’s law [13], 

a hypothesis regarding the optimal structural design of microvascular networks. In his 
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classic work, Murray deduced that based on minimizing the cardiac and metabolic work 

necessary to deliver and maintain blood and its encompassing vessels, an optimal 

network structure is obtained when blood flow is proportional to vessel diameter cubed, 

which for Poiseuille flow, implies a uniform wall shear stress throughout the network. 

Evidence supporting Murray’s law has been reported in arterial as well as arteriolar 

networks in several types of tissues of both humans and animals [12,24-26]. However, 

based on observations in veins and venular networks, much lower WSS has been reported 

in comparison to the arterial/arteriolar sides [12], implying Murray’s law may only apply 

to the arterial/arteriolar side and promoting an alternative theory on microvascular 

network design based on maintaining local WSS at a set point that is dependent on local 

transmural pressure [18].  

Our criteria for selecting a “mean” network was based upon identifying a network that 

aligned closely with the mean values of relevant geometric/topological as well as 

hemodynamic values. The properties chosen as most relevant were: the number of 

topological orders, Horton’s Ratios (Bifurcation, Diameter, and Length Ratio), fractal 

dimension, the average pressure drop throughout the network, the total resistance of the 

network, and the slope of the flow-diameter relationship. Based upon this criteria, we 

identified network #7 as the network most closely matching mean values. Although this 

set of criteria includes some of the most relevant geometric and hemodynamic variables, 

not all properties are considered and thus some values may deviate significantly from the 

mean. For example, network #7 was found to have the highest number of total vessel 

segments as well as terminal outflow segments.  

Poiseuille flow, which predicts parabolic shapes of velocity profiles, was assumed in our 

computational model. However, a previous study from our laboratory were RBC velocity 

profiles were experimentally measured demonstrated a blunting of of the velocity profile 

with decreasing diameter [2]. Thus, although the computational model was validated 

against experimental measurements of blood and RBC flow, a question remains whether 

Poiseuille flow is an appropriate assumption of the model, especially with regards to the 

smallest (~15-30 µm) vessels of the arteriolar network. This study would also be 
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enhanced by the addition of experimentally measured values of pressure, shear-stress, 

and hematocrit at the inlet as well as some of the outlet vessels.  

The results presented within this study are based on in situ measurements of arteriolar 

network structure in skeletal muscle, and thus do not include the other components of the 

microcirculation, namely the capillaries and venules. Thus, in order to extend the results 

of this study into processes fundamental to the function of skeletal muscle such as oxygen 

transport or electrical communication between microvessels, data on the geometry and 

topology of capillary and venular networks are necessary.  

3.5 Conclusion 

We have assessed the blood flow and hematocrit distribution through complete arteriolar 

networks using baseline in situ data of the overall geometric and topological structure of 

the rat GM arteriolar networks. Blood flow and hematocrit both decreased with 

increasing topological order, and were much more heterogeneously distributed within 

networks than across networks. Ultimately, this study relates the structure of large 

arteriolar networks to their function, and is a step towards building an ideal locomotive 

skeletal muscle microcirculatory network to facilitate future microvascular research.  
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Chapter 4  

4 Contributions and Future Work 
 

4.1 Contributions 
This thesis presents novel findings on the morphology and hemodynamics of arteriolar 

networks that will contribute to better overall understanding of the microcirculation, 

especially within skeletal muscle. The overall “network” approach taken to study the 

morphology of arterioles within the rat gluteus maximus provides new insight and 

detailed quantitative descriptions of the arteriolar network structure, while placing an 

important emphasis on studying the network structure as a whole rather than an isolated 

number of branches/bifurcations or smaller terminal networks.  

Overall, we have improved upon previous reports of skeletal muscle arteriolar network 

morphology in several regards, most importantly with the specific approach to imaging 

the microcirculation. The use of intravital video-microscopy to image the 

microvasculature enabled us to capture the geometry (diameter, lengths, bifurcation 

angles) and topology (inter-connections of vessels within a network) under native 

baseline conditions. This is a significant distinction from many earlier studies of 

microvascular morphology, which required maximal vasodilation of the vasculature prior 

to injection of fixative substances (gelatin, carbon particles, silicon rubber filling) for 

casting. Interpretation of data from casting studies are limited as the geometric data is 

collected under maximal vasodilatory state, where both the diameters [3], as well as the 

bifurcation angles, differ from resting baseline conditions [2]. Additionally, the use of the 

rat gluteus maximus (GM) preparation enables several improvements over other skeletal 

muscle preparations used in IVVM. The GM is common to all mammalian species of 

both sexes (as opposed to the cremaster, for example), and is recruited and activated 

during locomotion, which is an important function of skeletal muscle (as opposed to the 

cheek pouch retractor, for example). Direct investigation of the microvasculature of the 

rat GM is ideal due to the intrinsic anatomical layout of the microvasculature within the 
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GM (tree-like branching arteriolar network supplied by a single feed artery) combined 

with its relatively uniform thinness results in the microcirculation (arterioles, venules, 

and capillaries) being optimally positioned for complete imaging of the network within a 

single focal plane (with minor tunings of fine focus).  

With our approach to imaging the microvasculature of the gluteus maximus of the rat, we 

were able to characterize the native geometry (diameter, lengths) and topology (inter-

connections of vessels within network) of complete arteriolar networks (feed to terminal 

arterioles) over a wider range of diameters (~130 to 10 um) and topological orders (1 to 

9) than previously done. We have shown that arteriolar networks of the rat GM obey 

Horton’s laws, and the ratios (diameter, length, bifurcation) obtained were similar to 

previous reports in both skeletal muscle as well as non-skeletal muscle tissues.  

Based upon our experimentally derived data on network structure, and in combination 

with previously collected experimental data of blood flow velocity profiles in similar 

arteriolar trees, we were able to characterize the functional behavior of the arteriolar 

networks of the GM with regards to its blood flow, resistance, and hematocrit 

distributions using theoretical blood flow modeling. We report that mean blood flow 

followed an exponentially decaying trend with increasing order, while hematocrit 

(discharge and tube) followed a linearly decreasing trend. The relatively low levels of 

inter-network geometric and topological heterogeneity observed between networks 

resulted in similarly low levels of inter-network heterogeneity of mean blood flow and 

hematocrit distribution between networks. Interestingly, log-log plots of blood flow vs 

diameters indicated that the blood flow within arteriolar networks of the rat GM is 

proportional to the diameter cubed, a relationship known as Murray’s Law. The 

hemodynamic data presented provide a new perspective on skeletal muscle 

hemodynamics by evaluating inter-network and intra-network hemodynamic variability 

among complete skeletal muscle arteriolar networks.  
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4.2 Future Work 

Although the arterioles play a fundamental role in the regulation and distribution of blood 

flow within tissue, they form only one “level” of the microcirculation. Complementary 

morphological and hemodynamic studies of the venular and capillary networks of the rat 

GM are the next logical step in the progression towards a full representation of the 

microcirculation of the rat GM. As previously discussed, the rat GM is perfectly suited 

for such future studies, as both the venules and capillaries are optimally positioned for 

IVVM imaging. Such microvascular models encompassing all three levels of the 

microcirculation (arterioles, capillaries, venules) have been obtained for the rat mesentery 

[4] as well as the rabbit omentum and human conjunctiva [1]; however, a similar model 

of skeletal muscle microvasculature has yet to be developed. The development of such a 

skeletal muscle model would present a powerful tool to microvascular researchers 

interested in understanding the relationship between experimentally observed changes of 

the microvascular geometry/topology and related changes in hemodynamics and function 

of the microvascular bed.  

Additionally, the data presented herein will serve as valuable reference points for the 

healthy and baseline conditions of the arteriolar networks of the rat GM, and aid in future 

studies investigating the effects of pharmacological perturbations and/or pathological 

conditions on the microcirculation. Indeed, many conditions have been shown to lead to 

altered sensitivity of arterioles to alter their diameter in response to muscle contraction 

and SNS activation. Microvascular remodeling following vessel occlusion or ischemic 

conditions (reactive hyperemia) have also been reported. Therefore, the structural and 

functional data on the healthy rat GM, possibly including the fractal dimension, will 

serve as valuable controls for future studies of pathological conditions and may aide in 

identifying any structural and/or functional changes underlying disease conditions.  
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