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Arteriolar networks in many tissues have a broad range of diameters; for example, 

skeletal muscle arterioles range from ∼15 to ∼100 μm. Thus, there remains a need for a 

feasible in vivo experimental model enabling concurrent measurement of VRBC profiles at 

multiple levels within microvascular networks. Having a means to acquire VRBC profiles 

for a broad range of arteriolar diameters would provide accurate and detailed data 

necessary to derive VRatio. Such data would facilitate accurate blood flow calculations for 

a broad range of arteriolar diameters in studies limited to centerline VRBC measurements 

that require VRatio to calculate VMean. 

In this study, we developed and validated a novel in vivo method for characterizing VRBC 

profiles, VRatio, and blood flow in arterioles with a broad range of diameters from 

microvascular networks in rat skeletal muscle (Figure 12). Furthermore, we derived a 

linear relationship between VRatio and arteriolar diameters (from 21 to 115 μm) (Figure 

13). From this relationship, we have derived an equation that may be used in other studies 

to calculate blood flow based on the arteriolar diameter of interest.  This work provides 

significant insight to the field of blood flow and single RBC dynamics in complete 

microvascular networks. 

 

Figure 12: Schematic of streak length method technique. Epi-fluorescent image of an 

arteriolar (A) and venular (V) bifurcation in the rat gluteus maximus muscle (: 

direction of flow); exposure time: 10 milliseconds; 15 fps at 10x. Arteriolar lumen was 

divided into “lanes” based on the number of RBCs spanning the RBC column, with RBC 

width represented by streak width. [Reference 3: Al-Khazraji BK, Novielli NM, Goldman 
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D, Medeiros PJ, Jackson DN. A simple "streak length method" for quantifying and 

characterizing red blood cell velocity profiles and blood flow in rat skeletal muscle 

arterioles. Microcirculation 19: 327-335, 2012]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Relationship between velocity ratio and arteriolar diameter. Velocity 

ratios for arterioles with diameters ranging from 21 to 115 µm (5-10 arterioles per 

animal; n=6 animals). Within all animals, there was a positive correlation between 

diameter and Vratio (mean r2 = 0.90; p < 0.0001). For all data, the velocity ratio, as a 

function of arteriolar diameter (in µm), is described by the experimentally derived 

equation shown below the graph. [Reference 3: Al-Khazraji BK, Novielli NM, Goldman 

D, Medeiros PJ, Jackson DN. A simple "streak length method" for quantifying and 

characterizing red blood cell velocity profiles and blood flow in rat skeletal muscle 

arterioles. Microcirculation 19: 327-335, 2012]. 
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1.10.3 Overcoming Challenge 2 

Challenge 2: How to measure WSR in microcirculatory networks. 

Solution: A Microvascular Wall Shear Rate Function Derived From In Vivo 

Hemodynamic and Geometric Parameters in Continuously Branching Arterioles [2]. 

Transmural pressure gives rise to forces exerted on the vessel wall, such as 

circumferential and longitudinal stress. Shear stress, a tangential force under laminar flow 

conditions, occurs due to the viscous interaction of cellular laminae flowing past one 

another at different velocities, and when blood flows along the vessel wall, the friction 

results in wall shear stress. Wall shear stress elicits mechanotransduction along the 

endothelium resulting in flow‐mediated vasodilation, an integrated response which is 

important for healthy vasoregulation [32]. Endothelium-dependent flow mediated dilation 

has been shown to be integral to adequate blood perfusion in the microcirculation of 

skeletal muscle [8], [13], [30].   

Wall shear stress is the product of blood viscosity and WSR, where WSR is defined as 

the radial velocity gradient in the cell free plasma layer (i.e., CFL), which is encompassed 

by the velocity profile. In the experimental setting and under the assumption of steady 

plasma flow and a linear slope in the velocity profile through the CFL, the WSR equation 

is defined as the difference between the edge velocity of the red blood cell 

column  (VEDGE) and velocity at the wall (VWall) over the CFL width: 𝛾𝐸 =
VEDGE− VWall 

WidthCFL
. 

Satisfying the no‐slip condition, where VWall is zero, this equation becomes 𝛾𝐸 =
VEDGE 

WidthCFL
. 

Experimentally obtaining the edge and CFL velocities necessary to accurately compute 

WSR is difficult and time consuming. Thus, many groups have commonly quantified 

shear rate from experimentally derived mean blood velocity (VMean) and arteriolar 

diameter (D), using the equation: γ
Wall

=
8 VMean

𝐷
.  VMean is routinely calculated by dividing 

maximum velocities VMax by a velocity ratio (VRatio) constant that assumes velocity profile 

shape: VMean =
 VMax

VRatio
. The commonly used velocity ratio of 1.6 was first implemented by 



31 

 

Baker and Wayland [5] to account for spatial averaging artifacts associated with using the 

dual sensor velocimeter instrument for acquiring centerline red blood cell velocities. 

However, the use of a velocity ratio of 1.6 is only acceptable where lateral averaging of 

velocities is absent, the relative size of the sensor to the vessel diameter is known, and the 

velocity profile is purely parabolic in nature [40].  As such, we previously investigated 

the validity of maintaining a constant velocity ratio across all arteriolar diameters in 

microvascular networks [3]. In this past study, we acquired in vivo RBC velocity profiles  

from continuously branching arteriolar trees arteriolar spanning the in situ gluteus 

maximus skeletal muscle preparation and reported that RBC velocity ratios were 

dependent on arteriolar diameters, (for details see Challenge 1 above [3]). 

As WSR is the slope of the velocity profile evaluated at the wall, the velocity profile data 

from our previous study [3] can be used to calculate WSR. Although a limited number of 

studies report calculating shear rate values from velocity profiles, these past data are 

limited to narrow ranges of diameters as shown in exemplary studies where data were 

obtained from the mesenteric microcirculation (17–32 μm) [49] or from random sites of 

observation in the rat cremaster muscle [39], or estimated from computational 

simulations [47]. To date, γE values from experimentally derived velocity profiles in 

complete, continuously branching, skeletal muscle arteriolar trees have not been 

calculated.  

Thus, using the rat GM, adapted from the mouse [6] and our “streak length” method for 

measuring luminal RBC velocity profiles in continuously branching arteriolar trees [3] , 

we concluded [2]: 

(i) Estimated WSR calculated from experimentally acquired velocity profiles are 

independent of arteriolar diameter; (ii) a straightforward WSR equation has been derived 

from the relationship of experimental hemodynamic parameters with arteriolar diameter, 

and this equation yields WSR calculations that are similar to our experimental values 

(Figure 14), (iii) our estimated WSR (Figure 15), γE, was significantly greater than WSR 

values evaluated under Poiseuille parabolic flow assumption, regardless of the velocity 

ratio value (Figure 16). 
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Figure 14: Comparison of experimental and calculated WSR. Comparison of 

estimated WSR from experimentally derived velocity profiles 𝛾E, 2350  117.3/sec 

(mean  SEM across all diameters), versus calculated WSR from the experimentally 

derived equation, 𝛾Expt−derived, 2291  93.6/sec (mean  SEM across all diameters). 

Calculated 𝛾Ewere similar between the two methods (comparison of means using paired 

t-test), and each set of 𝛾Evalues had no relationship with diameter. r2 for 𝛾E is 0.0005; r2 

for 𝛾Expt−derived is 0.04. [Reference 2: Al-Khazraji BK, Jackson DN, Goldman D. A 

Microvascular Wall Shear Rate Function Derived From In Vivo Hemodynamic and 

Geometric Parameters in Continuously Branching Arterioles. Microcirculation 23: 311-

319, 2016]. 
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Figure 15: Relationship between experimentally acquired 𝜸𝐄 and arteriolar 

diameter. Calculated 𝛾E values (using edge velocities) as a function of arteriolar 

diameter. Calculated experimental 𝛾E were independent of arteriolar diameter 𝛾E values, 

ranging from 1317 to 4334/sec, for arteriolar diameter ranging from 0.021 to 0.115 mm. 

[Reference 2: Al-Khazraji BK, Jackson DN, Goldman D. A Microvascular Wall Shear 

Rate Function Derived From In Vivo Hemodynamic and Geometric Parameters in 

Continuously Branching Arterioles. Microcirculation 23: 311-319, 2016]. 
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Figure 16: Comparison of WSR using different velocity ratios.  WSR results for (i) 

experimental WSR, 2350  117.3/sec, (ii) 𝑉Ratio = 1.6, 877.6  35.6/sec, (iii) 𝑉Ratio = 2, 

702.1  28.48/sec, and (iv) 𝑉Ratio(𝐷) = 0.0071 × (𝐷) + 1.15, 917.6  43.5/sec (mean  

SEM across all diameters). *indicates different from 𝛾E, and #indicates different from 

𝑉Ratio = 2, (p < 0.05). Data presented as mean  SEM across all diameters. [Reference 2: 

Al-Khazraji BK, Jackson DN, Goldman D. A Microvascular Wall Shear Rate Function 

Derived From In Vivo Hemodynamic and Geometric Parameters in Continuously 

Branching Arterioles. Microcirculation 23: 311-319, 2016]. 

1.10.4 Overcoming Challenge 3 

Challenge 3: Develop IVVM procedures and tools for in vivo collection and analysis 

of complex microvascular networks. 
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Solution: Comprehensive In Situ Analysis of Arteriolar Network Geometry and 

Topology in Rat Gluteus Maximus Muscle [1]. 

Our methods to quantitatively analyze the distribution of arteriolar blood flow and 

hematocrit in the rat gluteus maximus (GM) muscle has continued to develop over the 

past few years.  Our technique begins with a comprehensive geometric analysis of 

complete arteriolar networks, which was conducted by Mohammed Al Tarhuni [1].  In 

his study, Tarhuni analyzed geometrical and topological parameters in 8 different rat GM 

muscle networks in situ under baseline conditions and compared them to assess 

heterogeneity across.  The experiments involved a GM preparation observed under an 

intravital video microscope (IVVM).  The rat GM preparation was developed in our lab 

and is the model choice for skeletal muscle hemodynamic studies due to its planar 

geometry and uniform thinness, which allow imaging access to the entire 

microcirculation within a single focal plane.  The IVVM images were registered in 

Matlab to create a complete photomontage of the arteriolar network.  Topological 

reconstruction of the microvascular network involved registering nodes approximately 

150 μm apart along unbranched arteriolar segments. The diameter and lengths of 

segments were measured using ImageJ and input into a centrifugal ordering algorithm in 

Matlab to generate arterioles with orders ranging from 1st to 9th order.   The centrifugal 

algorithm assigns the main feed arteriolar an order of 1 and assigns higher order to 

daughter vessels that have diameters less than 80% of the parent and/or bifurcation angles 

greater than 15%.  Mean diameter and lengths were calculated for arteriolar elements, 

which are defined as a group of segments connected serially of the same order [1]. The 

level of symmetry of a given topological order can be calculated from an average 

segment-to-element ratio (S/E).  In addition, fractal dimensions were calculated using the 

box-counting method in FracLac.  

The relationship between the geometry and order, given our ordering scheme, was 

analyzed. The mean internal vessel lumen diameters and mean vessel element lengths 

were plotted and showed to decrease with increasing topological order, while the number 

of elements increased with increasing topological order (Figure 17).  This data was 

further analyzed to calculate diameter, length, and bifurcation ratios to test the validity of 
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Chapter 2   
 
 
 

Optimizing Arteriolar Network Hemodynamic Analysis Using 
an Integrated Model Derived from Experimental Data 
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2  

2.1 Introduction 

In skeletal muscle, the orchestration between competing vasoconstrictors and vasodilators 

is essential for precisely matching blood flow to metabolic rate. Acute changes in 

arteriolar network resistance are modulated through coordination of intrinsic (e.g., 

myogenic control and endothelium derived factors) and extrinsic (e.g., sympathetic 

nervous system; SNS) alterations in arteriolar diameter. The SNS provides potent 

vasoconstriction of arterioles through the release of norepinephrine (NE), adenosine 

triphosphate (ATP), and neuropeptide Y (NPY) that act on their associated receptors with 

varying potency, depending on the site of observation within the microvascular network 

[4].  In the face of ongoing vasoconstriction offered by the SNS, there are also a number 

of locally derived or released endothelial factors that evoke ongoing vasodilation at rest, 

as well as in response to increased metabolism [e.g., nitric oxide (NO), ATP, 

cyclooxygenase (COX), endothelial derived hyperpolarizing factor (EDHF), and 

adenosine from 5’-nucleotidase (5’NUC)] [8]. 

In the physics of viscous fluid flow, Poiseuille’s law describes the inverse power 

relationship between tube diameter and resistance; in skeletal muscle microvascular 

networks, arterioles have the greatest capacity to constrict and dilate to alter flow 

resistance. Based on the high degree of regulation at the arteriolar level, studies of 

skeletal muscle microvascular regulation or dysregulation and rheology commonly 

employ point-source acquisition of arteriolar radius at one or more bifurcations using 

IVVM or from experiments using pressurized isolated microvessels. Although data from 

such studies have shaped our understanding of microvascular control, they limit our 

ability to accurately predict blood rheology in microvascular networks using theoretical 

modeling.  

For decades, theoreticians and computational 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 heterogeneous microvascular networks can only be adequately 



47 

 

described if both topological and geometric variability in network structure are 

considered [19].  As such, we have spent over 6 years developing and validating novel 

experimental tools and approaches to accurately measure: 1) arteriolar blood flow [3], 2) 

arteriolar network wall shear rates [2], 3) microvascular network geometry in situ [1]. By 

using an iterative approach, whereby our experiments promote the evolution of our 

theoretical model, several interesting and novel rheological phenomena have organically 

emerged. In order to utilize complex and heterogeneous experimentally derived 

microvascular network data for accurate theoretical modeling, one must not only match 

available data but must also consider more general network hemodynamic properties.  

Two of these properties that we believe are of particular importance are: 1) the overall 

pressure drop across the network (which informs us that network resistance is accurate), 

and 2) the Murray’s Law exponent (which informs us that network structure and flow 

distribution are accurate).  

Fundamentally, Murray’s Law is a demonstration of network efficiency and describes the 

power relationship between the flow of a fluid (e.g., the blood) and the diameter of 

conduits within which the fluid is flowing (e.g., the arteriolar network of interest). 

Murray’s Law is a mathematical description of this relationship, where an exponent of 3 

is considered ideal in terms of efficiency. If, experimentally, our arteriolar networks obey 

a version of Murray’s law, then the assumption is that the network is optimized for 

efficiency, and this property should be maintained by our computational model of blood 

flow in networks reconstructed from experimental data. 

In the current study we address the impact of including variable capillary resistance and 

measured venular network geometry, as well as the resistance of small arterioles and 

venules, on the integrated accuracy of our computational model of network 

hemodynamics, including agreement with: 1) Murray’s Law, and 2) well-established 

values for pressure drops across microvascular networks in skeletal muscle.  The purpose 

of this work was to develop an approach to computational modeling of hemodynamics in 

large arteriolar-venular networks that permits accurate calculation of total blood flow (or, 

equivalently, overall resistance), blood flow distribution, and RBC distribution using 

geometric data that can be obtained in vivo during a relatively short observation time 



48 

 

(~several minutes).  This ability to connect geometry to flow will make it possible to 

study microvascular regulation over a wide range of scales (~10 micrometers to several 

centimeters) and gain novel understanding of how intrinsic and extrinsic factors are 

integrated by the network to control blood flow to terminal arterioles.  Our hypotheses 

are, 1) that both capillary resistance and venular network structure are important in 

determining the hemodynamics properties of microvascular networks, and 2) that by 

supplementing measured arteriolar network structure with measured venular network 

structure, estimated capillary resistance, and estimated resistance of unobserved small 

arterioles and venules, we will be able to accurately predict network hemodynamics.  

 

2.2 Methods and Materials 

2.2.1 Experimental Data Acquisition 

Previously acquired intravital videomicroscopy (IVVM) images of the gluteus maximus 

(GM) muscle of n=8 male Sprague-Dawley rats (aged 8-9 weeks; 303 ± 15g) were used 

in this study.  A detailed account of the complete experimental preparation and imaging 

method can be found in Al Tarhuni et al., 2016 [1].  The experimental procedure involved 

scanning complete arteriolar networks arising from the inferior gluteal artery in the left 

GM under baseline conditions.  The rat GM preparation was developed in our lab and is 

the model choice for skeletal muscle hemodynamic studies due to its planar geometry and 

uniform thinness, which allow imaging access to the entire microcirculation, including 

the corresponding venular network, within a single focal plane.  Therefore, the in situ 

imaging data were used to obtain geometrical and topological measurements on both 

arteriolar and venular networks. 

The IVVM images were registered in Matlab (MathWorks Inc., Natick, MA, USA) to 

create a complete photomontage of the arteriolar and venular network. Quantitative 

reconstruction of each microvascular network involved placing nodes approximately 150 

μm apart along unbranched segments.  Each network was traced with nodes (given x-y 

coordinates) and cylindrical sub-segments that connect the nodes (Figure 18). The 

diameter and lengths of sub-segments were measured using ImageJ (NIH, Bethesda, MD, 
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USA) and input into a data file that stored the coordinate, node connectivity (topological) 

and geometrical (segment lengths and diameters) information. 

 

 

Figure 18: Schematic of node-segment representation in a simplified arteriolar 

network. Arteriolar networks were 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 [1]. 

The data was then fed through a centrifugal ordering algorithm in Matlab to generate 

arterioles and venules with orders ranging from 1st to 9th order for arterioles, and 1st to 

11th for venules.   The centrifugal algorithm assigned the main feed arteriolar or main 

draining venule an order of 1 and assigned higher order to daughter vessels that have 

diameters less than 80% of the parent and/or bifurcation angles greater than 15%. 

Previous work in our group [1] reconstructed only arteriolar networks and obtained their 

overall geometric properties, such as diameter and length as a function of order.  Below, 

we used the IVVM data from these same networks both to reconstruct the venular 

networks and obtain their overall geometric properties, including length and diameter 

ratios between vessels in successive orders.   


