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ABSTRACT 

Capillary perfusion in skeletal muscle is highly coordinated both spatially and tem

porally with the level of muscle fiber activity. Incresjsed oxygen demand in working 

muscle is met by increasing capillary perfusion. Blood flow to skeletal muscle increases 

proportionally with exertion during exercise, and returns to resting levels almost im

mediately after cessation of activity. Matching blood flow with fiber activity is the 

result of multiple mechanisms working in combination to dilate and constrict smooth 

muscle in l.hc arteriolar walls. In this study, theoretical models were used to examine 

the regulation of capillary perfusion based on arteriolar vasodilation in response to 

local metabolic changes in the muscle tissue. 

The level of tissue oxygenation in working muscle was predicted for mechanisms 

of blood flow regulation based on vascular sensing of decreased tissue PO2 and of 

increased interstitial (K"'"]. Two hypothetical mechanisms for vascular sensing of PO2 

and interstitial [K+] were considered; direct sensing by arterioles, and sensing by cap

illaries with stinmlation of feeding arterioles via conducted responses. Grouping of 

capillaries into functional units called microvascular units (MVUs) increased the prt)-

dicted fraction of capillaries necessarily perfused to maintain adequate oxygenation 

relative to control by individual capillaries. Control by arteriolar sensing of oxygen 

and K"*" resulted in poor control of tissue oxygenation at high kvels of muscle acti

vation. At higher levels of muscle activity, the terminal feeding arteriole for a MVU 

typically flows through a region perfused by another MVU such that the metabolic 

conditions near the arteriole is not sufficient to trigger viisodilation. Control of mi-

crovtiscular unit perfusion by capillary sensing of oxygen and K*"* resulted in adequate 

tissue oxygenation over the full range of activation, without a significant increase in 

the number of perfused MVUs relative to control by individual capillaries. 

Oxygen consumption in active umscle fibers does not reach a rna.ximal rate until 15 
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to 25 seconds alter initial recruitment, but increased blood flow to MVUs is obser\'ed 

within 5 seconds after initial recruitment. A simulation of the time course of the 

response mechanisms suggests that vascular sensing of tissue PO2 does not fully 

trigger MVU perfusion until 15 seconds after initial recruitment. Increased interstitial 

[K+] can trigger MVU perfusion within 2 seconds after initial recruitment. During 

the initial 10 seconds of muscle activation., increased perfusion in the absence of 

an increased rate of oxygen consumption may function to minimize the build up 

of interstitial (K"*"], which is important in mahitaining fiber excitability and avoiding 

early onset of fatigue. MVU perfusion triggered by capillary sensing of local metabolic 

conditions resulted in a lower mean [K"*") across the muscle tissue over the range of 

activity levels than mechanisms based on arteriolar sensing. 
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1. INTRODUCTION 

1,1. Metabolic Regulation of Blood Flow 

Blood flow ill skeletal muscle is highly coordinated both spatially and temporally with 

muscle fiber activity. Within 5 seconds of the start of sustmned muscle contraction, an 

increase in blood flow to the entire muscle can be observed as the tlow to otlier tissues 

is redirected to the working muscle [90]. The Biagnitude of blood flow is proportional 

to the intensity of the muscle contraction force. After the cessation of exercise, blood 

flow rapidly returns to resting values and flow is restored to other tissues. 

Increased blood flow in skeletal muscle delivers more oxygen to contracting mus

cle fibers and removing metabolites from the muscle. Oxygen is consumed by the 

mitochondria in muscle cells to produce adenosine triphosphate (ATP), the primary 

energy source for muscle contraction during exercise [66]. The demand for ATP by the 

skeletal muscle sets the demand for oxygen in the muscle, which in turn determines 

the demand for blood flow to the muscle [67]. Correspondingly, metabolites such as 

potassium ions (K+), adenosine diphosphate (ADP), hydrogen ions (H+), and lactic 

acid are removed from the working muscle and transported to other tissues in the 

body by perfused capillaric.s. The level of perfusion in muscle is determined by the 

number of vessels in the microA'asculature with blood flow. Capillary perfusion refers 

to the mimber of capillaries with blood flow. 

Regulation of short-term capillary perfusion in skeletal muscle is achieved by 

changes of vascular tone in the arterioles [75]. Smooth muscki in the vessel wall 

can contract or dilate to vary the arteriolar diameter, and correspondingly control 

the flow of blood. Control of blood flow largely occurs at the arteriolar level rather 

than at the level of individual capillaries [54] [63]. Capillaries are grouped into func

tional units called microvfiscular units (MVUs) that consist of 20-2.5 nearby capillaries 
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fed by the same terminal arteriole [21j [74] [104j. The magnitude of arteriolar vaaodi-

lation is proportional to the intensity of exercise [75]. Increased perfusion to muscle 

tissue is a-ccomplisbed by increasing the number of MVUs that are perfused, or by 

increasing the rate of blood flow in MVUs. 

Coiivective transport throu.gli the vascular system delivers oxygenated blood from 

the lungs to the vasculature in the muscle. Oxygen then diffuses from the perfused 

capillaries to nearby muscle fibers through the muscle tissue, from regions of higher 

concentration to regions with a lower concentration of oxygen. A diffusion distance 

of less than 100 microns can be calculated for oxygen in working skeletal muscle. The 

distance varies depending on the level of activation in neighboring fibers. 

The force of muscle contraction is determined by the niunber of muscle fibers that 

are active and the firing rate of the innervating axons. As the force of contraction 

increases, additional muscle fibers are recruited as groups called motor units in a pre

defined sequence. Each motor unit consists of 20 to 2000 individual fibers innervated 

by the same motor neuron that are dispersed across the muscle. Since active mus

cle fibers consume up to 16 times more oxygen than resting fibers, increased muscle 

activity results in a nornmiform demand for oxygen throughout the muscle. 

Mechanisms for regulating capillary blood flow in skeletal muscle can be classified 

as either local controls or extrinsic (or reflex) controls. Local controls include all 

mechanisms that can change arteriolar diameter independent of neural or hormonal 

control. Examples of local control include arteriolar vfisodilation triggered by changes 

in the local metabolic conditions, or regulation of arteriolar diameter by changes in the 

local hemodynamic conditions. Extrinsic controls inchxde direct neural stimulation of 

the arterioles by the sympathetic nervous system, or changes in the plasma concen

tration of hormones such as epinephrine or angiotensin II. Both local and extrinsic 

control mechanisms are important in regulating muscle blood flow during exercise 

ill working skeletal muscle, the active fibers release metabolites into and con 

;23]. 
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surne molecules from the surrounding tissue. The chaxiges in concentra.tion, of these 

in,etabolites and molecules can directly affect the diameter of the arterioles. Increased 

concentrations of K"'" [62], H'*" [65], ATF* [100], nitric oxide (NO) [51], acetylcholine 

(ACh) [111], adenosine [85] and decreased tissue oxygen [26] are known to trigger 

arteriolar dilation in skeletal muscle. In muscle tissue, metabolites diffuse from the 

working fibers to the arterioles and trigger vasodilation. Similarly, arterioles dilate 

in response to the decline in tissue oxygen as it is consumed by working fibers [26] 

[39]. Vascular sensing of metabolic changes in the tissue may have an important role 

in regulating blood flow in working muscle. 

Responses to changes in the hemodynamic conditions of the blood flow CJMI also 

trigger changes in the diamctcjr of blood vessels. Arterioles can dilate in response 

to incrcfised shear stress at the endothelial wall [64]. Similarly, increased pressure 

inside the vessel ca.n result in arteriolar vasoconstriction [20]. Such responses provide 

a feedback mechanism that can potentially amplify or sustain responses that are 

initiated by metabolic aignals. Hemodynamic control can amplify or offset the effects 

of other mechanisms for blood flow regulation. 

Innervation of the arterioles by sympathetic nerves can result in either vasocon

striction or vfisodilation. Norepinephrine released by the sympathetic nervea leads 

to vasoconstriction. Vasodilation can be achieved because the sympathetic nerves 

are not quiescent but continually release norepinephrine. Downregulation of sym

pathetic stimulation can reduce the amount of norepinephrine released, resulting in 

vasodilation. 

A mechanism for coordinating the functional units of blood flow and oxygen de

mand was proposed by IJloch and Iberall [10]. Microvascular units were perfused by 

neural feedback from muscle spindles stimulated by the contraction of muscle fibers 

to match oxygen deliver with demand. However, there is no anatonrical evidence 

to support the theory of a aeurally based mechanism lx)r matching the perfusion of 

microvascular unit.s to increased fiber activation. Rinctional grouping of capillaries 
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iuto MVUs results in oxygen delivery to regions of tissiie containing multiple fibers 

rather than to individual fibers. 

Using a, theoretical model of a rmiscle cross section with motor units and MVUs, 

Fuglevand and Segal [36] showed that the spatial mismatch between the functional 

units results in a highly nonlinear relationship between the fraction of active fibers 

and the fraction of perfused MVUs. Nearly all the MVUs were perfused when a 

small frax;tion of nriiscle fibers was activated, compared with a linear relationship 

for perfect matching between muscle fibers and capillaries. However, experimental 

measurements show a linear increiise in blood flow with a corresponding increase in the 

force generated [40]. The Fuglevand and Segal model assumed a, simple criterion for 

triggering MVU perfusion; if t;here is any active muscle fiber within a region of tissue 

perfused by an individual MVU, then the MVU is necessarily perfused. No specific 

signal or control mechanism for triggering arteriolar vasodilation Wiis considered in 

the model. However, a more realistic assumption for blood flow regulation is that 

MVUs are perfused only when the metabolic conditions necessitate additional blood 

flow to specific regions of the muscle. 

Changes in the blood flow based on the sensing of changes in the concentration 

of metabolites are grouped into two categories referring to the location where the 

metabolic condition is sensed. (1) Arteriolar response mechanisms refer to vasodi

lation triggered by changes in metabolite concentrations in the tissue next to tlie 

arteriole itself. The diameter of arterioles can change in response to changes in the 

partial pressure of oxygen (PO2) in the tissue surrounding the arteriole [26]. Simi

larly, changes in the concentration of potassium ions ([K"'"]) of the bathing solution 

have been observed to change arterioku- diameter [62] [27] [3]. (2) Conducted response 

mechanisms refer to vasodilation triggered by changes in metabolite concentrations 

away from the arteriole, typically in the downstream capillaries. Changes to the up

stream arteriolar diameter triggered by increjiaed [K"*"] at tfie capillaries have been 

observed by Song and Tyml [100], Electrical signals irhtiated in the capillaries by the 



changes in metabolite concentrations axe conducted upstream along the endothelial 

walls triggering arteriolar dilation [108] [44]. 

In thia study, theoretical models were used to examine the regulation of capil

lary perfusion based on the arteriolar response and conducted response mechanisms. 

Levels of PO2 in the muscle tissue and [K+) in the interstitial space were considered 

as potential stimuli. The predicted level of tissue oxygenation In a cross section of 

skeletal muscle was used to compare the effectiveness of triggering MVU perfusion 

using different metabolic signals as the mediator. Similarly, the predicted level of in

terstitial [K"^] in skeletal muscle was used as a mediator to trigger capillary perfusion 

in response to increased fiber activation. 

1.2. Models of Oxygen Diffusion and Oxygen-Based Regulation in Muscle 

August Krogh pioneered the use of mathematics to predict the distribution of tissue 

oxygen levels in working muscle [65]. Axial symmetry was assmned and the diffusion 

equa.tion in cylindrical coordinates was used to calculate the decline in PO2 with 

distance from a centrally perfused capillary into surrounding tissue. This model can 

be used to estimate the maximum distance for diffusion of oxygen into tissue with a 

uniform rate of consumption. For working rrmscle, this cUstance is less than 100 /mi. 

In working muscle fibers, the diffusion distance is reduced as a result of the increased 

rate of O2 consumption. Krogh proposed a mechanism for regulating blood flow in 

response to muscle activity based on increasing the number of perfused capillaries to 

reduce the distance between active fibers and perfused capillaries. 

Groebe and Thews [43] used a mmrerical simulation of the diffusion equation in 

two dimensions to show the distribution of oxygen in a central fiber surrounded by 

three perfused capillaries. The PO2 decreases significantly as the distance froiTi the 

capilla.rie.g increases, dropping to near hypoxic values within the cross section of one 

working fiber [38]. The simulated tissue PO2 gradients within a single fiber were 



shown to be comparable to experimentally measured values. Pulsatile changes in 

capillary PO2 levels were used to represent the flow of individual red blood cells, but 

had little effect on the overall result. The model also showed the minor effect of 

the capillary endothelium on restricting oxygen diffusivity [43]. Oxygen delivery to 

working muscle fibers was nrost affected by the reduced diffusion distance caused by 

the increased rate of oxygen consumption in working muscle. 

Previous simulations of oxygen delivery accounted for the rate of blood flow in the 

capillaries, but assumed a uniform rate of oxygen consumption. In most eases, muscle 

fibers are not completely activated in working muscle. IJsuig MRl and phosphores

cence quenching techniques, Richardson showed a mismatcli between oxygen delivery 

and demand in skeletal muscle on a length scale of 1 cm, resulting in hypoxic regions 

of tissue[87]. As the m\isele activity level increases, the rate of oxygen consumption 

increases in muscle fibers spread throughout the muscle. Assuming a uniform rate of 

consumption is valid for complete muscle activation, but an inhomogeneous rate of 

oxygen consumption is a better representation of oxygen demand in -working skeletal 

muscle. 

In Chapter 2, the goal is to examine tissue oxygenation in working muscle when 

blood flow is triggered by vascular sensing of decreased tissue PO2 by the arterioles 

and the capillaries. A decline in tissue oxygen accompanies exercise, and experimen

tal evidence suggests that hypoxia can contribute to sustained vasodilation of small 

arteries by a direct interaction with vascular smooth nmscle cells [97]. The two-

dimensional diffusion equation is used to predict the distribution of tissue PO2 in a 

cross-section of skeletal muscle incorporating functional grouping of muscle fibers and 

capillaries. The model is used to compare the effectiveness of the arteriolar response 

and conducted response mechanisms for maintaining adequate tissue oxygenation 

during increasing levels of fiber activation. The results are compared to mechanisms 

for triggering capillary perfusion that are independent of metabolic conditions. 
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1.3. Potassium-Based ReguJafcioo of Capillary Perfusion in Muscle 

Microvascular unit perfusion can be triggered by signals other than decreased tissue 

PO-i. Kletaboiites reieascd by active fibers are capable of triggering arteriolar diIa;tiou. 

Arterioles in skeletal muscle dilate in response to increased concentrations of potas-

sium ions (K"^) [62], ['65], ATP [100], nitric oxide [51], ACh [111], adenosine [85] 

and decreased tissue oxygen (26]. The vasodilatory effects of these metabolites are 

potential mechanisms for matching capillary perfusion with muscle fiber activation. 

The concentration of K"'" inside the muscle fiber is up to 30 times greater than the 

extracellular [K'*'][34]. Potassium ions are released directly from active muscle fibers 

into the interstitial space. Action potentials from motor neurons depolarizes the mus

cle membrane, opening voltage sensitive K**" channels and increasing the interstitial 

[K+j. The higher concentration of K"'" around the active fiber diffusses through the 

interstitial space to the arterioles and capillaries, resulting in dilation of the arteri

oles either directly [18] or via conducted electrical responses in the rnicrovtisculafcure 

[108]. In fully active human skeletal muscle, the interstitial [K+] can increase from a 

resting concentration of 4.7 niM to 9 niM [52], increasing to 14 mM in muscle with 

a restricted blood supply [107]. Interstitial [K'*'] increases immediately upon fiber 

activation, reaching to a plateau level after 30 seconds. The magnitude of the in

crease is sufficient to trigger arteriolar vasodilation in vivo [27] [18]. The buildup of 

K+ in the inter.stitial space is removed from the muscle by perfused capillaries and by 

incretised transport activity by the sodiurn-potassium (iNa+/K"^') pump in the cellular 

membrane of all muscle fibers. 

By simulating the distribution of interstitial [K"*"], the predicted tissue oxygenation 

for different mechanisms of sensing [K+] can be determined. Hazeyama and Sparks 

[48] used a theoretical model to show the change in (K"*"] in the interstitial space and 

the plasma over time, but did not examine the spatial distribution of [K"'"]. Tlie release 

of K"** by working fibers was shown to be responsible for the initial increase in plasma 
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and interstitial [K+j. The Hazeyama model of tlie [K'^j in muscle was based on a 

system of ordinary differential equations, with parameters based on spatially uniform 

rates of K""" release and reuptake. In partially activated muscle, active fibers are 

distributed across the entire muscle, leading to a spatially heterogeneous distribution 

of K+ across the muscle. 

In Chapter 3, the goal is to compare MVU perfusion triggered by vascular sensing 

of increased interstitial [K'*"] at the arterioles with sensing interstitial [K"^] at the 

capillaries. Diffusion on a discrete network of nodes representing the interstitial space 

in a muscle cross-section was used to predict the distribution of interstitial (K"^] for 

a range of muscle activity levels. Complete perfusion of the MVUs was triggered by 

vascular sensing of increased interstitial [K"'"]. The distribution of tissue PO3 for the 

given combination of perfused MVUs and active fibers was predicted for comparison 

with the tissue POo based methods of regulating MVU perfusion in working muscle. 

1,4. Regulation of Perfusion at the Onset of Exercise 

The maxima] rate of oxygen consumption in active muscle fibers increases up to 16 

times the rate in resting fibers [68], At the onset of nuiscle activation, microvascular 

PO2 (mP02) does not decUne immediately because the rate of oxygen consumption 

in an active fiber does not instantaneously increase to its maximal level [2], A delay 

of up to 5 seconds has been observed prior to an initial decline in measured mP02, 

with maximal consumption observed up to 30 seconds after initial muscle activation 

[4]. If the rate of oxygen consumption is not maximal until 1.5-30 seconds after the 

start of exercise, then the tissue PO2 in tlie muscle does not decline immediately at 

the onset of exercise. The effectiveness of a mechanism for regulating microvascular 

perfusion based on the decline in the tissue PO2 would be limited at the onset of 

muscle contraction by the slow inc:rease in the rate of oxygen consumption by active 

fibers. 



The oxygen consumption rate in working muscle can be estimated from the decline 

in the measured mPOj during muscle activation, The decline in mPOa suggested a 

graded increase in the rate of oxygen consumption in muscle [84]. Microvascular PO2 

reaches an equilibrium over a l;itne of 30 seconds, suggesting that the corresponding 

change In tissue PO2 likely occurs over a similar time scale. 

Data on the rate of oxygen consumption in muscle fibers have been obtained 

using an in vitro preparation of myocytes from Xenopus laevis [4] [61], The PO2 

of a solution bathing an isolated myocyte reflects the rate of oxygen consumption 

in the muscle liber. When the myocyte Wfis stimulated, the corresponding decline 

in the PO2 of the bathing solution was assumed to bo equivalent to the amount of 

oxygen consumed by the contracting myocyte, Kindig et al, [61], showed a gradually 

increasing rate of oxygen consumption in stimulated myocytes up to a maximal value 

over ~30 seconds. The rate of oxygen consumption did not jmnp immediately from 

basal levels to lufocimal levels. This graded increase in the rate of oxygen consumption 

suggests that the change in the tissue PO2 is not significant during the first ten seconds 

after initial fiber activation. However, blood flow to working muscle increases almost 

sinmltaneously with muscle activation. 

At the onset of fiber activation, there is no measurable decline in the microvascular 

PO2 measurement for 2 to 5 seconds [5]. This delay is believed to be caused by 

a simultaneous increase in the oxygen consumption rate. After the initial delay, 

the mPOa converges exponentially to a minimum value. An equation of the form 

P{t) = PminO- + e~T) was used to describe the exponential decline in microvascular 

PO2 measurements {P{t)) to a minimum {Pmin) with a time constant of r = 20 -

30 seconds. Oxygen consumption does not increase sufficiently quickly to decrease 

tissue PO2 and trigger capillary perfusion until 10 to 20 seconds after initial fiber 

recruitment. However, the K'^-based mechanism can lead to a rapid increase in 

perfusion at the onset of exercise (Chapter 3). 



1.5. Time'-Dependent Regulation of Blood Plow 

Chapter 4 further compares the time course of K^-dependent versus Oj-dependent 

regulation. In this chapt;er, the goal is to use theor€?ticaI modtds of muscle perfusion 

to examine the time course of perfusion triggered by different assumed mechanisms 

during fiber activation. Interstitial concentrations of potassium can change immedi

ately after initial fiber recruitment, whereas tissue PO2 chiiuges over a slower time 

scale. The diffusion equation is used to compare the predicted time coiuses of tissue 

PO2 and interstitial [K+] immediately after the onset of fiber activation for MVU 

perfusion triggered by vasculax sensing of PO2 and [K+j a,t the arterioles and the 

capillaries. 

The models in Chapters 2 and 3 assumed that once a MVU was perfused, the 

MVU remained perfused even when metabolite levels were restored closer to basal 

levels. The simulations did not consider a specific mechanism for sustaining blood 

flow in muscle, nor a mechanism for reducing blood flow to a perfused capillary after 

exercise is stopped. Chapter 4 discusses these issues relating to the coordination of 

blood flow with time-dependent demand. 
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2. OXYGEN DELIVERY TO SKELETAL MUSCLE FIBERS: EFFECTS 

OF MICROVASCULAR UNIT STRUCTURE AND CONTROL 

MECHANISMS 

2.1. Introduction 

The oxygen demand of skeletal muscle varies over a wide range according to its level 

of activity. In order to meet this changing demand, blood flow to muscle also varies 

widely. For example, oxygen consumption has been observed to increase approx

imately 50-fold, with a 25-fold increase in blood flow, between states of rest and 

maximal exercise in the knee extensor muscles (11|. As the activity level of a skeletal 

muscle is increased, additional muscle fibers are recruited in groups (motor units), 

which are activated in a predetermined sequence until the desired force of contraction 

is achieved 12411-191. Each motor unit consists of a single motor neuron that inner

vates 20 to 2000 fibers distributed throughout the muscle [15] [14]. A mammalian 

muscle typically contains 50 to 300 motor units. Oxygen consumption in inactive 

motor units remauis near the resting level. Therefore, oxygen demand in a partially 

activated muscle is highly non-uniform, with fibers belonging to active motor units 

interspersed with quiescent fibers. 

Oxygen is dehvered to skeletal muscle fibers by convective transport in blood 

flowing in capillaries that run approximately parallel to the fibers, and by diffusion 

from the capillaries to surrounding muscle fibers. The availability of oxygen to a 

given muscle fiber is therefore dependent on the number of nearby capillaries that are 

perfused, and the rate of blood flow in those capillaries. Krogh [65) proposed that 

blood flow is controlled at the level of individual capillaries, such that the number 

of flowing capillaries varies in response to local oxygen demand. According to this 

^Am J Physiol Heart Circ Physiol 285: H955-63,2003 



concept, flow in each capillary is regulated by active contraction of the capillary or 

of a precapillary sphincter located at the entrance to the capillary. With regard to 

skeletal muscle, however, most evidence suggests that capilla-ry perlnsion is regulated 

primarily by the arterioles. The group of capillaries fed by a single terminal arteriole 

is then the smallest functional unit for control of blood flow [57]. Such a microvascular 

unit (MVU) typically contains 20 to 25 capillaries and supplies a region of muscle 

tissue approximately 100 fj,m by 200 /.OTJ in cross section and with length 500 /xrn 

along the fibers [21][74], as shown in Figure 2.1. The region perfused by one MVU 

necessarily encompasses portions of several adjacent muscle fibers. 

I ^ 

FIGURE 2.1. Schematic representation of the geometrical relationHhip bet 
single microvascular miit (vessels indicated by solid lines or dots) and a muscle fiber 
(shaded area). S denotes the location of the cross-section (inset right). 

A spatial mismatch is evident between the fmictional units of muscle activation 

and of flow regulation. Each motor unit consists of many, dispersed muscle fibers, each 

of which is supplied by a number of different MVUs along its length [30]. Conversely, 

each MVU supplies several adjacent muscle fibers, which typically belong to different 

motor units [94]. Given this spatial mismatch, how is capillary blood flow regulated 

so Jis to meet local oxygen requirements? More specifically, how many capillaries 

must be perfused to ensure adequate oxygen supply to active muscle fibers at a given 

level of muscle activation? 

Fuglevaiid and Segal [36] addressed these questions using a theoretical modeling 

approach. They considered a region in the cross-section of a skeletal muscle that 



contained a number of motor imits and MVUs. Individual fibers dispersed throughout 

the muscle were grouped into physiologically representative motor units. Each MVU 

was assumed to supply a region 1 mm by 1 nun or 0.5 mm by 0.5 mm in cross-

section [10). Perfusion of a MVU was assumed to occur whenever any muscle fiber 

lying within its region was activated. With these assumptions, the model predicted a 

highly nonlinear relationship between the fraction of active fibers and the fraction of 

perfused MVUs, with nearly all MVUs perfused when a small fraction of the nmscle 

fibers was activated. If, instead, the functional units for blood flow control coincided 

with those of muscle activation [10], a linear relationship would !>e expected. These 

results therefore demonstrated that perfusion of skeletal muscle depends critically 

upon the precise spatial relationship between MVUs and motor units. 

This model [36] has evident limitations. Firstly, the assumed size of the MVUs 

in the muscle cro.ss-section (1 mm by 1 rnm or 0.5 mm by 0.5 mm) was larger than 

the size suggested by observation.s (100 /im by 200 /im, [74]). Secondly, all capillaries 

in a MVU were assumed to flow whenever any fiber in the region was activated. 

Both Jissumptions could lead to overestimation of the munber of capillaries that must 

be perfused when a given traction of fibers has been recruited. In reality, MVU 

perfusion probably depends on levels of oxygen, poteissium, and other metabolites 

released during muscle activity, and activation of a single fiber does not necessarily 

stimulate perfusion of all adjacent capillaries. Furthermore, the diffusive spread of 

oxygen through muscle tissue allows the possibility that an active nmscle fiber may 

receive adequate oxygen supply from capillaries belonging to non-adjacent MVUs. 

Baijed on these considerations, the objective of the present study was to develop 

a more realistic theoretical model to examine the relationship between muscle fiber 

activation and capillary perfusion in skeletal muscle. The model includes a two-

dimensional simulation of diffusive oxygen transport from capillaries to fibers in a 

muscle cross-section to predict levels of tissue oxygenation. The meclianisms by which, 

activation of muscle fibers leads to capillary perfusion are not well established. In the 
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model, the effects of fowr hypothetical mechanisms were explored. In the first two 

m,ec;hanisms, capillaries adjacent to active fibers are activated, independent of oxygen 

levels, as in the model of B\iglevand and Segal [36], In order to show explicitly the 

effects of capillary gxouping into MVUs, the followixjg cases were considered: (A) 

Any individual capillary a.djaceiit to an active fiber is perfused ("adjacent capillary 

mechanism"). (B) Any MVU containing one or more capillaries adjacent to an active 

fiber is perfused ("adjacent MVU mechanism"). In the other mechanisms considered, 

perfusion of MVUs was assumed to depend on tissue oxygen levels. Two alterna

tive hypotheses regarding this response were considered: (C) Flow is initiated in a 

MVU whenever the partial pressure of oxygen (PO2) adjacent to the arteriole feeding 

that MVU drops below a threshold value ("arteriolar response mechanism"). This 

hypothesis assumes direct arteriolar responsiveness to local PO2 levels [26] [56] [102], 

(D) Flow is initia:ted whenever the average level of PO2 in the tissue adjacent to capil

laries of the MYU drops below a threshold value ("'conducted response mechanism"). 

This lij'-pothesis assumes the existence of mechanisms for transferring information 

about tissue oxygenation levels at the capillary level upstrea.m to the feeding arteri

ole [55] [105], possibly via conducted electrical responses [93] [95]. For each mechanism 

considered, the model was used to predict the number of perfused capillaries and 

oxygen levels in tissue as a function of the fraction of active muscle fibers. 

2.2. Methods 

Configtiratioris of muscle fibers and capillaries. Two photomicrographs of 

skeletal muscle cross-sections were used to obtain the positions of muscle fibers and 

capillaries for the simulations: (i) A Ught micrograph from a cryostat section of rat 

plantaris stained with a 1% aqueous solution of toluidine blue [59]. (ii) A confocaJ 

micrograph from a cryostat. section of rat extensor digitorurn longus muscles exposed 

to FITC-conjugated Griffonit% simplicifolia I lectin to label capillaries [47] (Hansen-
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Smith, personal communication). The two micrographs were scanned and digitized, 

and subdivided into pixels corresponding to 2 imi by 2 //,m regions of tissue. Each 

pixel was designated as containing capillary, muscle fiber, or interstitial space as ap

propriate. A tissue dom,ain with dimensions 600 paa by 600 /irn was used in the 

simulations. Because the regions in the photomicrographs were smaller than, this, 

they were duplicated in a repeating arrangement to fdl the domain. For comparison 

purposes, a third configuration was considered, consisting of a regular array of iden

tical regular hexagonal fibers, with three capillaries distributed around each fiber. 

The diameter of the fibers in this configuration was within the range of diameters ob

served in the literature. The resulting configurations are show.u i.n Figure 2,2. Table 

2.1 summarizes their properties. 

Rat EDL Rat Plantans 
600 

400 

200 

Hexagonal Idealized 

600 

FIGURE 2.2. Configurations of muscle fibers and capillaries in 600 x 600 f im skeletal 
muscle cross-sections used in simulations. Small dots indicate locations of capillaries. 
Dashed hues show boundaries of original photomicrogra.ph8, A. Rat plantaris [59]. B. 
Rat EDL (Hansen-Smith, personal commimication). C. Idealized hexagonal array. 

Animal Muscle Region Size Cap Density CaprPib Ratio Source 
Rat Plantaris 300 X 300 911 L52 Kano et al, [59] 

Hansen-Smith Ra,t EDL 400 X 600 728 L46 
Kano et al, [59] 
Hansen-Smith 

n/a Idealized 600 X 600 897 0.92 n/a 

TABLE 2.1. Muscle data from photomicrographs. 



Geometry of motor units and microvascular units. The grouping of ca,|> 

illaxies into iMVlJs and muscle fibers into motor units could not bcj determined ixom 

the photomicrographs. Appropriately sized MVUs were therefore generated by di

viding the muscle cross-section into 18 domains 100 fim by 200 /im in size, with 

every capillary inside a given domain grouped into the same MVU (Figure 2.3). The 

MVUs contained 11 to 22 capillaries depending on the capillary density of the tissue. 

The muscle fibers lying within the tissue region were randomly assigned to ten equal 

groups, each group being dispersed through the region. In order to show the effects of 

increasing levels of muscle activation, these groups were sequentially activated and the 

corresponding changes in oxygen levels and MVU activation simulated, as described 

below. This assumption does not correspond directly to the sequential activation of 

realistic motor units, where units with few fibers are typically activated earlier and 

units with many fibers later [79]. However, introducing heterogeneous motor unit 

sizes in the present model would not alter the results for any given fraction of active 

fibers, as long as fibers belonging to each motor unit are randomly dispersed through 

the tissue region. 

Oxygen transport and consumption. Under any given set of conditions, each 

capillary was designated as perfused or nnperfused. In perfused capillaries, the PO2 

was set at a fixed level of 45 mrnHg, representative of capillary PO2 levels in active 

skeletal muscle. Because oxygen transport in a single muscle cross-section is consid

ered, it is not possible to include explicitly the decline of PO2 along capillaries within 

the context of this model. The diffusion of oxygen through tissue was considered to 

be unaffected by the presence of unperfused capillaries. Similarly, each muscle fiber 

was designated as active or inactive. The basal oxygen demand of inactive fibers was 

assumed to be Mhia.ctwo = f cm^02(100Gm''s)""-' [29]. The oxygen demand of aetive 

muscle fibers was assumed to be Mnctmi -- 16 cm^02(100cm^s)~'', close to the maximal 

rate of working of trained rat hind limb muiscle [89]. Tlie relationship between tlie 

oxygen consumption and tissue PO2 was described by Michaelis-Mentea kinetics with 
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FIGURE 2.3. Capillaries are grouped into one of eighteen MVUs by their location in 
the muscle cross-section. The clots indicate the location of all capillaries in the Rat 
EDL configuration. All capillaries located within each box art) grouped into a single 
MVU perfused by the same arteriole. The diagonal line represents the location of the 
arteriole perfusing the MVU denoted by the shaded box. 

half inaximaJ consumption at a tissue PO2 of P<, == 1 mmHg [19] [88]. To assess the 

overall level of tissue oxygenation, the "oxygen deficit" was defined as the difference 

between the total oxygen demand of the region and the total consumption computed 

according to the Michaelis-Menten relationship, divided by the total demand. Con

sumption falls significantly below demand only in regions of low PO2, so the oxygen 

deficit is a functional index of the amount of hypoxic tissue. 

Computation of tissue PO2. A two-dimensional time-dependent diffusion 

equation was used to compute the distribution of tissue PO2 within the simulated 

muscle cross-section: 

where P{x ,y , t )  represents the PO2 at a point {x ,y )  at time t .  The quantity Da was 

assumed to be a constant, where D is the diffusion coefficient of oxygen in tissue (1.5 x 

10""^ [6], and a is tlie .solubility (4x 10" ® cm''^02(cm®xrimHg)~^). Within each 

(2.1) 
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muscle fiber, the oxygen demand Mo was set to MjnacUve or M^ctwe as appropriate. To 

minimize the effect of boundary artifacts, periodic boundary conditions were imposed 

at the edges of the domain, i.e., levels of PO2 at each edge of the domain were assumed 

to match those a;t the corresponding point on the opposite edge. 

A finite-difference method was used to solve equation (2.1). A 300 by 300 grid 

was used, corresponding to a spacing of 2 fixn between grid points, with a 0.5 ms 

time step. PO2 values at all grid points lying within perfused capillaries were set 

to 45 rnmHg. The governing equations were discretized using central differences 

and solved using an explicit scheme. The computations were continued until the 

absolute difference in tissue PO2 between successive time steps was less than 2 x 10"'* 

rnmHg at each grid point. The tissue PO2 was assumed to be at a steady-state when 

this condition was met. In the initial state, all fibers are assumed to be inactive. 

A single, randomly chosen MVU was assumed to be perfused, in order to meet the 

quiescent oxygen demand in this case. The number of active fibers was then increased 

as already described, and the perfused capillaries were determined according to the 

criteria described below. The steady-state solution was found for each combination 

of active fibers and perfused capillaries. 

Fiber activation and capillary perfusion responses. For each of the three 

configurations considered (Figure 2.2), increasing activation of the muscle was simu

lated by sequential recruitment of spatially dispersed groups of muscle fibers. Starting 

with the case in which all fibers a,re inactive, simulations were carried out for cfises 

where the active fraction of the total muscle cross-section area increased in steps of 

approximately 0.1. With each successive increase in the number of active fibers, the 

new steady-state distribution of PO2 in the tissue cross-section was calculated accord

ing to the procedure described above with additional MVUs or individual capillaries 

perfused, as necessary to maintain tissue oxygenation using the chosen mechanism of 

blood flow regulation. In each case, the variation of the fraction of perfused capillaries 

with the fraction of active fiber area was determined and piresented in graphical form. 
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FIGURE 2.4. Schematic representation of the four alternate mechanisms considered 
in the model, by which capillaries are perfused in response to muscle fiber activation. 
In each case, dark shading indicates an active muscle fiber. Light shading denotes 
the resulting low tissue POo region. Dots indicate perfused capillaries, according to 
each mechanism. A. Adjacent capillaiy mechanism. B. Adjacent MVU mechanism. 
C. Arteriolar response mechanism. Thick dashed line denotes arteriole feeding MVU. 
D. Conducted response mechanism. 



The four mechanisms of capillary perfiisiou considered were implemented in the 

model as follows (Figure 2.4). 

Case A: adjacent capillary mechanism. Any capillary lying adjacent to an active 

muscle fiber was assumed to be perfused, independent of PO2 levels. This mechanism 

makes no reference to MYUs. 

Case B: adjacent MVU mechanism. Any MVU containing a capillary lying adja

cent to an active fiber was assumed to be perfused, independent of PO2 levels. 

Case C: arteriolar response mechanism. For each MVU, the feeding arteriole was 

represented by a straight segment 200 /.tm in length, lying 75 jmi outside the region 

supplied by the MVU (Figure 2.3). The minimum tissue PO2 along the segment 

was estimated, and the arteriole was assumed to dilate and perfuse the MVU if the 

minirrnuxi PO2 fell below a specified critical level. 

Case D: conducted response mechanism. For each MVU, the tissue PC)2 at the 

location of all capillaxies in the MVU was computed. The corresponding arteriole 

was assumed to dilate as a result of conducted responses, perfusing the capillaries of 

the MVU, if the average PO2 at the capillaries fell below a specified level A range 

of critical PO2 values was considered for the arteriolar response mechanism and the 

conducted response mechanism. 

2.3. Result-s 

Spatial distributions of active fibers, perfused capillaries and PO2. Figme 

2.5 shows examples of results obtained for the rat EDL muscle using the conducted 

response mechanism, for two levels of muscle activation. The expected spatial mis

match between the locations of active muscle fibers and the domains of perfused 

MVUs is evident from a comparison of Figures 2.5A and 2.5B. Figure 2.5C shows 

the predicted steady-state PO2 distributions. Several areas of low PO2 occm- when 

clusters of active muscle fibers have few perfused capillaries nearby. Conversely, high 
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levels of tissue PO2 occur in regions with no active muscle fibers in close prcodmity 

to a group of perfused capillaries. 

A comparison of the left and right columns of Figure 2.5 shows the predicted effect 

of increasing the fraction of active muscle fibers from 0.2 to 0.42. In this instance, two 

additional MVUs were perfused according to the criteria of the conducted response 

mechanism, and the fraction of perfused capillaries increased from 0.42 to 0.54. This 

increase in oxygen supply wtvs n,ot enough to completely balance the increase in de

mand, and the oxygen deficit increased from 0.06 to 0.09. 

Effects of capillary grouping into MVUs. Figure 2.6 shows the fraction of 

perfused capillaries as a function of active fiber fraction for the adjacent capillary 

and adjacent MVU mechanisms. For a given atjtive fiber fraction, perfusion control 

by MVUs leads to a larger number of perfused capillaries than individual capillary 

perfusion, because whenever any capillary is perfused, all other capillaries in the same 

MVU are necessarily also perfused. The oxygen deficit is low in all cases, and does 

not differ appreciably between the two assumed mechanisms. These results show that 

the grouping of capillaries into functional units triggers the perfusion of additional 

capillaries not required to maintain adequate tissue oxygenation. 

Effects of mechanisms controlling capillary perfusion. The predicted frac

tions of perfused capillaries as a function of active fiber fraction are shown in Figure 

2.7 for the arteriolar response mechanism and the conducted response mechanism. 

Relative to the adjacent MVU mechanism (Figure 2.6), both the arteriolar response 

and the conducted response mechanisms result in substantially lower fractions of per

fused capillaries for a given level of nniscle activation, together with higher levels of 

oxygen deficit. In the cjise of the conducted response mechanism, the oxygen deficit 

varied with muscle fiber activation but did not exceed 0.11. In contrast, the oxygen 

deficit was not well controlled when the arteriolar response mechanism was assumed, 

but generally increased with, increasing activation, despite the fact that the fraction 

of perfused capillaries was comparable in both cases. 
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FIGURE 2.5. Example of results obtained from simulations of rat EDL muscle {issum-
ing the conducted response mechanism, for two different levels of muscle activation. 
In each cfuse, results for a 600 /an by 600 /^m region in the muscle cross-section are 
shown. A. Active fibers (blue) and iimctive fibers (yellow), B. Locations of perfused 
capillaries. C. Distribution of tissue PO2, color-coded according to bar at right. Left 
column: fraction of active fibers = 0.2, fraction of perfused capillaries = 0.42, oxygen 
deficit sa 0.06. Right column,: fraction of active fibers = 0.44. fraction of perfused 
capillaries = 0.54, oxygen deficit == 0.09. 
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FIGUR-B 2.6. Upper row: fraction of capillaries perfused as a function of fraction 
of muscle fiber area activated, for the three configurations used in simulations (left, 
rat plantaris; middle, rat EDL; right, idealized hexagonal array). Filk^d cii'cles; ad
jacent capillary mechanism. Open circles: adjacent MVU mechaiusm. Lower row: 
corresponding values of oxygen deficit. 
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FIGURE 2.7. Upper row: fraction of capillaries perfused as a function of fraction 
of muscle fibers activated, for the three configurations used in simulations (left, rat 
plantaris; middle, rat EDL; right, idealized hexa.gonal array). Filled circ.les: arteriolar 
response mechanism. Open circles: conducted response mechanism. The asterisks 
in the central panel correspond to the causes illustrated in Figure 2.4. Lower row; 
corresponding values of oxygen deficit. 



The results shown in Figure 2.7 assixirie a miriitmim critical PO2 value of 5 mmHg 

for the arteriolar response mechanism and an average critical PO2 value of 7 mmHg 

for the conducted response mechanism. These levels were chosen to give comparable 

levels of capillary perfusion and oxygen deficit at low levels of activation. Further 

simulations were also carried out in which the assumed critical PO2 values were varied 

to examine the dependence of the results on the chosen values. For the arteriolar 

response mechanism, increasing the critical PO2 value did not result in better control 

of tissue oxygenation at high levels of muscle activation. Not all capillaries were 

perfused when all muscle fibers were activated, even when the critical PO2 value was 

increased to 11 mmHg. These results suggest that control of perfusion by arteriolar 

response to oxygen levels in adjacent tissue is relatively ineffective in matching oxygen 

demand and supply. The ability of the conducted response mechanisni to control 

oxygen deficit over the full range of activation levels was maintained when the critical 

PO2 value was varied between 1 and 13 nunHg. 

Effects of fiber and capillary geometry. Similar results were obtained for all 

three configurations considered (Figures 2.6 and 2.7). The results for the idealized 

hexagonal structure did not differ in a systematic way from the results for config

urations derived from photomicrographs. Thus, the heterogeneity in fiber size and 

capillary spacing observed in vivo does not appear to have a large impact on the 

fraction of perfused capillaries needed to supply oxygen under given conditions. 

2.4. Discus,sion 

In a partially activated skeletal muscle, fibers belonging to active motor units are 

interspersed with mactive fibers, and oxygen demand is therefore highly non-uniform. 

Similarly, groups of capillaries belonging to perfused MVUs are interspersed with non-

perfused capillaries, leading to non-uniform tissue perfusion. As a result of the spatial 

mismatch between the domains of motor units and MVUs, some regions of tissue 



with high oxygen, demand are likely to be imderperfused, while other regions with 

low demand are perfused. Our simulations (Figure 2.5) show that these conditions 

can lead to substantial heterogeneity in PO2 levels within the muscle cross-section. 

Significant changes in tissue PO2 occurred over a length scale of order 50 to 100 fmi. 

In maximally active skeletal muscle where all capillaries are perfused and fibers are 

active, PO2 levels are also heterogeneous, with steep gradients around each capillary. 

However, the scale of the gradient.? is then shorter, of order 20 /im [78]. 

As expected, the grouping of capillaries into MVUs increases the number of capil

laries that must be perfused at a given level of activation, relative to the case in which 

perfusion of each capillary is assumed to be individually controlled (Figure 2.6). The 

results for the adjacent MVII mechanism are qualitatively similar to those obtained 

by Fuglevand and Segal [36], but the initial rate of increase in capillary perfusion as 

a function of muscle activation was less steep in the present st-udy. The lower slope 

reflects the smaller domain size of each MVU assumed here, i.e., 100 fim by 200 /.im, 

compared to 1 mm by 1 mm in the Fuglevand and Segal study, and the inclusion of 

effects of oxygen diffusion when determining which MVUs are perfused in response 

to increasing fiber activation. 

The results shown in Figures 2.5 and 2.7 demonstrate how inclusion of PO2 as  an 

explicit control signal influences perfusion within the muscle cross-section. In com

parison to the simulations in which adjacent active fibers induced perfusion of MVUs, 

the simulations in which oxygen levels were sensed led to a lower fraction of perfused 

capillaries, particularly at low levels of muscle activation, while keeping the oxygen 

deficit relatively low (Figure 2.7). Moreover, because oxygen ca,n diffuse to active 

fibers that are near but not adjacent to the perfused capillary, this partially compen

sates for the g;eometric mismatch, between the functional units. Low oxygen levels 

occur only when active fibers are a distance of order 50 /im or more from the nearest 

perfused capillary. The diffusion of oxygen from regions of higher concentration to 

regions of lower concentration helps to minimize the effects of the irregular $hap«ts of 
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the muscle fibers and randomly distributed capillary locations in the observed muscle 

cross-sections, giving results that were similar to those for an idealized hexagonal 

arrangement with approximately the same capillary density and fiber size. 

Results obtained using this model depend on the assnmptions made with regard 

to the mechanisms controlling perfusion of capillaries or MVUs. Several studies have 

shown that stimulation of muscle fibers causes increased blood flow in adjacent capil

laries [8] [39] [106], The mechanisms of this response are not known but likely involve 

a combination of mechanisms involving potassium, oxygen, adenosine, nitric oxide, 

other released metabolites and/or neural feedback [41], Responses to oxygen levels 

probably play a crucial role. Art,erioles are known to respond by constriction or diliv 

tion to changes in tissue oxygen levels [26] [56] [103]. Furthermore, oxygen availability 

is the most important factor limiting the rate of muscle working in prolonged ex

ercise, and so arteriolar response to oxygen would provide the most direct feedback 

mechanism to match flow with metabolic needs. Control of MVUs was therefore as

sumed to depend on oxygon levels in this model, although other mechanisms, such as 

responses to changing extracellular potjissium levels, could also be explored using a 

similar' approach. 

The model was used to examine the consequences of two different assumptions 

regarding the sites of oxygen sensing in the tissue. In the arteriolar response mecha--

nism, arterioles were assumed to dilate when the minimum PO2 level along an arteriole 

falls below a threshold level of 5 mniHg. This parameter is difficult to estimate from 

available data on arteriolar' responses to oxygen levels. The level of 5 mmHg was 

chosen to keep the oxygen deficit within a low range at low and moderate levels of 

activation. As already mentioned, oxygen deficit could not be controlled at higher 

levels of muscle activation, even if this tlireshold was increased. Similar results were 

obtained if the average rather than the minimum PO2 along the arteriole was used 

as a criterion, but. a higher threshold level was needed. 

Although the terminal arterioles are the primary site for the control of flow in 



MVlJs, they are not necessarily the main sites for sensing of tissue oxygen levels 

[55]. The conducted response mechanism is based on the alternative as.sumption that 

oxygen levels are sensed by capillaries. According to this assumption, low PO2 levels 

trigger a response that is transmitted to the arteriole, causing dilation. Evidence 

for .such an information transfer mechanism ha« been presented by Tyml [100], and 

it may involve conducted electrical responses [9.3] [95], In the model, perfusion of a 

feeding arteriole was assumed to occur when the average capillary PO2 fell to less than 

7 nirnHg. This parameter cannot be (jstimated directly from available experimental 

data and the assumed value was chosen to keep the oxygen deficit low over the full 

range of muscle activation. 

The results (Figure 2.7) show that the mechanisms regulating MVU perfusion 

affect the ability of the system to deliver oxygen as needed despite the spatial mis

match between MVUs and motor units. In the arteriolar response mechanism,, it is 

assumed that perfusion of a MVU was triggered by a decline in PO2 levels adjacent to 

the terminal feeding arteriole. Because this arteriole typically flows through a region 

perfused by capillaries from other MVUs (Figure 2.3), it does not necessarily respond 

to a decline in PO2 in the region of the MVU that it feeds. As a result, tissue hy

poxia is not well controlled and the oxygen deficit tends to increase at high levels of 

activation, without triggering the perfusion of additional MVUs. In the conducted re

sponse mechanism, it is assumed that perfusion of an arteriole is determined by PO2 

levels adjacent to the capillaries belonging to the MVU fed by the arteriole. This 

mechanism leads to closer matching between perfusion of MVUs and fiber activation, 

with better control of the tissue oxygen deficit. The results favor the assumption 

that conducted responses from capillaries to arterioles play a role in regulating per

fusion of skeletal muscle. However, the involvement of other mechanisms, including 

the arteriola,r response ruechanism, cannot be ruled out based on the present results. 

An important simplification in the model is the assumption of a fixed PO2 level 

in all perfused capillaries. According to this sissumptioii, each capillary lias two 
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possible states in the model, unperfused and pierfused, and the rate of blood flow in 

the capillary does not otherwise enter into the model. In reality, the PO2 of each 

perfused capillary varies along its length, depending on its flow rate and the rate at 

which oxygen is extracted from it. The flow rate may vary with the level of muscle 

activation. Simulation, of such a system is possible in principle [92] biit would add 

greatly to the complexity of the model and to the number of arbitrary assumptions 

that would be necessary. 

One consequence of this simplification is that the model does not allow quantita

tive prediction of the variation of blood flow rate with muscle activation. Experimen

tal data [40] [101] show an approximately linear increase in blood flow as a function 

of contractile force or oxygen demand. Such a gradual increase would be difficult 

to explain if the number of perfused capillaries increased in a highly nonlinear way, 

as predicted by Fuglevand and Segal [36]. The present model (with the conducted 

response mechanism) predicts variation in the number of perfused capillaries with 

muscle activation that is qualitatively similar to the reported experimental variation 

in blood flow with level of muscle activation, i.e., roughly linear with a positive in

tercept on the vertical axis. This is consistent with the experimental data, if it is 

assumed that once a capillary is perfused, its flow rate remains approximately con

stant with further increases in nniscle activation, because overall flow rate is then 

proportional to the number of perfused capillaries. 

A further simplification in the model is the assumption of a fixed rate of oxygen 

consumption in active muscle fibers. In reality, oxygen consumption rates of muscle 

fibers can vary depending on the level of activation [84], with a gradual increase from 

the basal rate to a maximal rate of consumption [61]. Actual variations in fiber oxygen 

consumption rates may be wider than the 16-fold variation between resting and active 

rates assumed here. Such variations would increase the spatial heterogeneity in oxygen 

consumption rates, but would not lead to qualitatively different behavior from that 

predicted liere. 
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In coxiclusioji, the model shows that the spatial mismatch between functional units 

of capillary perfusion and motor units leads to substantial heterogeneity of oxygen 

levels in. partially activated skeletal muscle. The relationship between the level of 

muscle activation and the fraction of perfused capillaries needed to achieve adequate 

tissue oxygenation depends on the mechanism by which perfusion of microvascular 

units is controlled, A control mechanism based on sensing of oxygen levels by cap

illaries and transmission of this information to the feeding arterioles via conducted 

responses was .found to iea,d to adequate tissue oxygenation over the full range of 

muscle activation, with the fraction of perfused capillaries increasing gradually with 

increasing activation. 
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3. THEORETICAL SIMIJLATI'ON OF K^-BASED MECHANISMS FOR 

REGULATION OF CAPILLARY PERFUSION IN SKELETAL MUSCLE? 

3.L Introductioii 

Blood supply to skeletal muscle is coordinated witli muscle fiber activatioti, both at 

the level of individual fibei-s and at the level of the entire muscle [81]. Stimulation 

of au individual muscle fiber can lead to the dilation of an adjacent arteriole [39], 

while active contraction of an entire muscle can lead to significant increases in blood 

flow [7]. Perfusion is regulated primarily by the termirwil arterioles, which dilate in 

response to fiber activation, increasing flow in downstream capillaries. 

Several mechanisms may contribute to the control of capillary perfusion. Signals 

afssociated with muscle metabolism that have been shown to affect arteriolar tone in

clude acidity [65], adenosine [85], nitric oxide [51], ATP [77], potassium ions (K''~) [62] 

and partial pressure of oxygen (PO2) in tissue [26] [39] [63] [55]. Vasoactive mediators 

applied at the capillaries can induce vasodilation in the upstream arteriole [10()][105], 

via conducted electrical responses [93] [95], This provides a mechanism for modulation 

of arteriolar tone in response to metabolite levels in the region of tissue fed by an 

arteriole. In a previous study, we [72] used theoretical models to simulate control of 

capillary perfusion based on sensing of oxygen levels. A mechanism based on sensing 

of I^02 by capillaries and transmission of signals to upstream arterioles was shown to 

be capable of modulating capillary perfusion in such a way as to provide adequate 

tissue oxygenation over a range of muscle activation levels. However, given the known 

sensitivity of arteriolar tone to other metabolites, ifc is likely that mechanisms otlier 

than responses to PO2 are involved in metabolic regulation of blood flow. 

Here, we focus on the interstitial release of potassium ions as a potential niech-

^submittcid Am J Physiol Heart Circ Physiol 
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anism for regulating capillary perfusion. Intracellular concentrations of K"'" are ~30 

times greater than resting concentrations in the interstitial space. In response to mus

cle activity, Kis released by myocytes [60] [53] in proportion to the number of action 

potentials [99], and diiiiises freely through the interstitial space. Increased [K ' ] can 

lead to vasodilation of peripheral vessels [62] [27] [73]. Ekcess K '" is removed from the 

interstitial space by passive diffusion of K"*" into perfused capillaries, where the con

centration of K''" in plasma is lower, and by acti ve transport of K'*" into muscle fibesrs 

by sodium-potassium (Na"'7K'^') pumps in the muscle membrane [69]. Muscle fibers 

surrounding an active muscle fiber have increased Na''"/K+" pump activity within 5 

seconds of fiber activation [33]. 

The functional organization of capillaries and muscle fibers affects the coordina

tion of capillary perfusion with muscle activity. Capillaries are perfused as functional 

units called microvascular units (MVUs) that consist of 20 to 25 neighboring capil

laries fed by the sa-me terminal arteriole [57] [8] [74] [21], Each MVU perfuses a region 

approximately 200 //ni by 100 imi by 500 fini, such that one MVU supplies parts 

of multiple muscle fibers [94]. Muscle fibers are gTouped into motor units that are 

sequentially activated. Each motor unit corisists of 20 to 2000 fibers dispersed within 

the muscle innervated by one motor neuron [14]. Fibers belonging to a single motor 

unit intersect the regions supplied by many different MVUs. This spatial mismatch 

between the domains of MVUs and motor units should be considered when assessing 

the ability of a hypothesized mechanism to control capilhny perfusion in response 

to changing le%'els of muscle activity. Theoretical simulations [36] [72], based on the 

assumption that only MVUs with capillaries adjacent to active fibers are perfused, as 

a result of the spatial mismatch between the domains of MVUs and motor units. The 

number of perfused capillaries increased rapidly at low levels of muscle activation. A 

model including effects of diffusive spread of oxygen in tissue and based on sensing of 

local tissue POg by capillaries gave a more nearly linear incre;5se of capillary perfusion 

with muscle activity [85], 



When skeletal muscle is activated, the emargy required for contraction is initially 

derived from, pathways independent of the oxygen supply. Creatine phosphate path

ways generate the first readily available supply of energy in the form of ATP during 

the first 10 seconds of activation [66]. Oxygen consumption is not maximal until 

20-30 seconds after initial recruitment [61]. In contrast, increases in muscle blood 

flow within 5 seconds of activation are observed [90], Therefore, mechanisms based 

on sensing of tissue PO2 levels are unlikely to be able to cause this rapid increase 

in blood flow. However, K"*" is released by working fibers into the interstitial space 

immediately upon rimscle fiber activation. The concentration of K"'" in the intersti

tial space and the blood plasma increases within 5 seconds after the start of muscle 

recruitment [69]. A potassium-baaed mechanism could therefore contribute to the 

initial rapid ri.se in blood flow. Hazeyama and Sparks [48] used a theoretical model of 

potassium ion efflux during exercise of skeletal muscle to predict the dynamics of [K+] 

in diflferent compartments of muscle tissue, but did not consider spatial variations in 

[K"^] or its potential role in regulating capillary perfusion,. 

The objective of the present study was to use a theoretical model to examine the 

relationship between motor unit activation, MVU pca"fusion, and tissue oxygenation, 

assuming that perfusion is initiated by a rise in interstitial [K'*"]. Two-dimensional 

cross-sections of muscle were considered. Finite-difference methods were used to 

simulate the transient spread of K"*" in the interstitial space following fiber a,ctivation, 

and diffusive oxygen transport from perfused capillaries to fibers. Effects of K+ 

removal by perfused capillaries and reuptake by neighboring fibers were included. 

Perfusion of a MVU was assumed to result in flow in all capillaries of that unit. Two 

hypothetical mechanisms for triggering MVU perfusion were considered (Figure 3.1). 

In the first mechanism ("arteriolar response"), flow was initiated in a MVU whenever 

the [K'^'j adjacent to the feeding arteriole exceeded a threshold value. In the second 

mechanism ("conducted response"), flow was initiated whenever the average level of 

[K+] in the tissue fed by capillaries of a MVU exceeded a threshold value. For both 



47 

mechanisms, the model WM used to predict the number of perfused capillaries and 

the oxygen levels in tissue as a function of the fraction of active muscle fibers. The 

results were compared with corresponding previous results for tissue POa-dependent 

control [72]. 

B 

FIGURE 3.1. Schematic representation of the two alternate mechanisms considered 
in the model, by which capillaries are perfused in response to muscle fiber activation. 
In each case, dark shading indicates an active nmscle fiber. Light shading denotes 
the resulting region of increased [K+]. Dots indicate perfused capillaries, according 
to each mechanism. A. Arteriolar response mechanism. Thick dashed line denotes 
the arteriole feeding the MVU. B. Conducted response mechanism. 

3.2. Methods 

Configiirations of muscle fibers an,d capillaries. As described previously [72], lo

cations of rmiscle fibers and capillaries in skeletal muscle cross-sections were obtained 

from photomicrographs of rat plantaxis [59] and rat extensor digitorum longus, EDL 

(Hansen-Smith, personal communication). The images were scanned, digitized, and 

subdivided into pixels, representing 2 fini by 2 f an regions of tissue, each of which was 

designated as capillary, muscle fiber, or interstitial space. A 600 fm by 600 /.im tissue 

domain was simulated. Regions in the photomicrographs were duplicated as needed 

in a repeating arrangement to till the domain. A third configuration consisting of a 
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regular array of identical regular hexagonal fibers also considered. The resultirig 

configurations (Figure 3.2) had capillary densities of 911, 728 and 897 and 

capillary-to-liber ratios of 1.56, 1.46 and 0.92 respectively. The tissue domain was 

divided into 18 100 /.tin by 200 /an regions, and the capillaries within each region were 

grouped into one MVU such that each MVU contained 11 to 22 capillaries (Figure 

3.3). To simulate the grouping of muscle fibers into spatial distributed motor units, 

muscle fibers within the tissue region were randomly assigned to ten groups. Effects of 

increasing levels of muscle activation were simulated by sequentially activating these 

groups, according to criteria described below. 

Rat EDL Rat Plantaris 

400 

200 A- \ 

400 

200 

C 
600 

400 

200 

Hexagonal Idealized 

200 400 600 200 400 600 200 400 600 

FIGURE 3.2. Configurations of muscle fibers and capillaries in 600 /im by 600 /mi 
skeletal muscle cross-sections used in simulations. Dashed lines show boundaries of 
original photomicrographs. A. Rat plantaris [59], B. Rat extensor digitorum longus, 
EDL (Hansen-Smith, personal communication). C. Idealized hexagonal array. 

Configurations of interstitial space. The photomicrographs were used to 

estimate the locations of interstitial spaces in the muscle cross-section. For numerical 

simulations of K"^ diffusion, the interstitial spaces were represented as a set of straight 

segments lying between muscle fibers (Figure 3.5C). The segments were assumed to 

be 2.5 /an wide, so that the overall interstitial volume was 9.6% of the total musclc 

volume [71], Conxputational nodes were placed at the intersections of segments and 

along each segment, such that each node was less than 4 /im from adjacent nodes. The 

interstitial space was then subdivided into small regions, eacli a.ssociated with a node. 
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FIGURE 3.3. Grouping of capillaiies into eighteen MVUs in the muscle cxoss-section 
(R,at EDL configuration). Dots indicate locations of capillaries. Dashed lines indicate 
boundaries of MVUs. All capillaries in a given MVU arc perfused by the same arte
riole. Diagonal line: location of the arteriole perfusing the MVU denoted by shaded 
box. 

Potassium released by a muscle fiber was assumed to enter the regions associated with 

adjacent nodes. Potassium in each nodal region could diffuse to adjacent nodes, or 

be taken up by neighboring fibers or capillaries, 

Potassium release. Contraction of a single muscle fiber releases intracellular K+ 

to the extracellular space, raising the interstitial [K"^'] approximately in proportion to 

the strength of contraction [107], Stimulation of rat soleus muscle in the presence of 

ouabain (a blocker of the Na'^/K+ pump) at 1 Hz results in a total rate of K+ relefuse 

of 9,4 //EqKg"' per stimulus [32]. For simphcity, in the simulation, each muscle 

fiber was assumed to work at a moderate intensity of 15 Hz [96] with no increase 

in activation rate with increased contraction strength. Such activity corresponds to 

a total rate of IC"*" release of ~8.5 mEqKg--' min""'-. To estimate the amount of K'"" 

released by each fiber, the msiss of each contracting fiber was determined by the 

cross-sectional area and the density of muscle tissue (~lkgL " \ or ~10~'®kg/im"'^). 



The K"*" released by an active fiber was assumed equally distributed to all Interstitial 

nodes immediately adjacent to the fiber. Rates of release and uptake were expressed 

per unit cross-section area of the muscle. 

Potassium uptake. K"*" is removed from the interstitial spi:«?.e by Na^/K"^ pumps 

in the cell membranes of muscle fibers at a rate dependent on the iateratitial [K"*"] and 

intracellular [Na"'"] [16]. In our simulations, we assumed that the rate of K"** uptake 

by the Na^/K''' pump was solely a function of interstitial [K"*"], since intracellular 

pSfa+J does not change significantly during the initial 30 s of fiber activity [48]. For 

low levels of intracellular [Na'^J prior to fiber activation, Clausen et al. [17] found 

the maximal rate of ouabain-suppressible K"*" uptake to be 0.55 niEq Kg~'inin" ̂  

with half-maximal uptake at an interstitial [K*^] of 3.8 niM. This transport process 

was assumed active in all fibers, and was represented by a Michaelis-Menten kinetic 

model. For an interstitial volume fraction of 9.6%, the maximal rate of uptake is 

equivalent to a reduction of interstitial [K"^] at a rate of 0.09 m,M s~'. In rat skeletal 

muscle, the resting interstitial [K+] is 3.9 niM [82] [45] [37], corresponding to a basal 

uptake rate of 0.046 mM Since the net rate of K"*" uptake is zero when interstitial 

[K"*"] i.s at its resting value, this uptake rate mu.st be offset by leakage of K"^ from 

muscle tissue at an equal rate. The net rate of K"*" uptake by muscle fibers is therefore 

given by 

Conipiitation of [K '"]. A discretized version of the equation for one-dimensional 

time-dependent diffusion was used to predict steady-state and tran>sient distributions 

of [K"^] in the interstitial space. The concentration (K+| at time step n at node i was 

denoted by K". The concentration at node i at the next time step n+1 was calculated 

using the concentration in the neigfiboring nodes. If node -i lias two jreighboring nodes 

(3.1) 
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i — 1 and i + 1 at a spacing A.t, then; 

A/ 
KT* - K? + (ST., - 2K? + AH.I) + At (B, - Hi) (M) 

where At is the time step and E" and R" represent the total rates of potassium release 

into and net uptake from the region associated with node i by neighboring muscle 

fibers at time step n, A corresponding equation derived by considering conservation 

of mass is used for nodes at the intersections of segments, which have more than 

two neighboring nodes. In general, nodes lying within interstitial segments have two 

neighboring fibers, while nodes at intersections have three or more neighboring fibers 

(Figure 3.5C). The diffusion coefficient D of K+ in the interstitial space was assumed 

to be equivalent to the coefficient of diffusion for K"*" in aqueous solution at 37®C 

(2.4 X 10~® crn^ s"^) [42]. The release rate E" is the sum of the rates of K'̂  release 

by the active fibers adjacent to node i. The uptake rate Rf is obtained by setting 

[K+] =• Kf in equation (3.1). The plasma concentration of K""' in blood flow to the 

muscle was assumed to be 3.9 mM [13]. Perfused capillaries were assumed to function 

tis sinks for K+, and this was implemented numerically by setting [K"*"] to 3.9 mM at 

all nodes of the interstitial space within 2 /im of the center of a perfused capillary. A 

time step of 0.5 ms was used. Steady-state conditions were typically reached after 20 

seconds, for constant rates of K""" release and reuptake, 

Activation sequence of motor units and naicrovascular units. Starting 

with the case in which all fibers were inactive, simulations were carried out for cases 

in which the active fraction of fibers increased in steps of approximately 0.1. The 

muscle fibers recruited at each step were randomly selected from the population of 

previously inactive fibers. At each step, the steady-state distribution of interstitial 

[K"'"] was calculated. Additional MVlJs were then perfused according to one of two 

mechanisms (Figure 3.1). For the arteriolar response mechanism, the feeding arteriole 

for each MVU was represented as a straight segment 200 /im in length lying outside 

the region supplied by the MV U, with one end of the arteriole located 140 /im from tlie 
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center of the MVU (Figure 3.3). The maximum [K+] along the segment repreBenting 

the arteriole was estimated, and the arteriole was assumed to dilate and perfuse 

the MVU if the maximum [K"'"] increased above a specified critical level. For the 

conducted response mechanism, dilation of an arteriole was assumed to be triggered 

by a rise in interstitial [K +] in tissue surrounding the capillaries fed by the arteriole. 

This was implemented by computing the average of [K+] levels at the interstitial nodes 

within 6 /im of all capillaries in the MVU. Perfusion was assumed to be triggered when 

the average [K""'] increased above a specified critical level. In each case, critical [K"*"] 

values in the range 4.5 to 8 mM were considered. Increases in interstitial [K+] of this 

magnitude have been observed to lead to arteriolar vasodilation [18]. Once perfused, 

MVUs were assumed to remain perfused for the duration of muscle activity, even if the 

levels of K""' declined below the critical levels once additional MVUs were perfused. 

The results were compared with corresponding previous results based on sensing of 

oxygen levels [72], 

Calculation of tissue oxygen levels. In a given Binmlation, each capillary 

was designated as perfused or unperfused [72], as described above. In perfused cap

illaries, the PO2 was set at a fixed level of 45 mrnllg, representative of capillary 

PO2 levels in active skeletal muscle. Unperfused capillaries were assumed to have 

no effect on oxygen diffusion. The oxygen demand was assumed to be Miuactive = 

1 cm'^02(100cm'*min)~^ in inactive fibers and 16 cin'^02(100cm'^min)~^ in 

active fibers. The relationship between the oxygen consumption and tissue PO2 was 

described by Michaelis-Meiiten kinctics with half-maximal consumption at a tissue 

PO2 of P{) = 1 nuuHg. A two-dimensional time-dependent diffusion equation with 

periodic boundary conditions was used to compute the distribution of tissue PO2 

within the si undated muscle cross-section; 
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where P(x,y,t) represents the PO2 at a point { x , y )  at time t .  The quantity D a  was 

assumed to be a constant, where D is the diffusion cocfRcient of oxygen, in tissue 

(1,5 X 10~® and a is the soiubiUty (4 x 10~® cm'OaCcm^mmHg)"^). 

Equation (3.3) was solved using a finite-difference method with a spacing of 2 j-un 

between grid points, and a 0.5 ms time step. The governing equations were discretized 

using central differences and solved using an explicit scheme. The computations were 

continued until the absohite difference in tissue PO2 bet^veen successive time steps 

was less than 2 x 10"'' niniHg at each grid point. The tissue PO2 was assumed to be at 

a steady state when this condition was met. In the initial state, all fibers are assumed 

inactive. A single, randomly chosen MVtJ was assumed to be perfused, in order to 

meet the quiescent oxygen demand. The number of active fibers was then increased 

according to the procedure already described, and the steady-state distribution of 

tissue PO2 was calculated. To assess the overall level of tissue oxygenation, the 

"oxygen deficit" was defined as the difference between the total oxygen demand of 

the region and the total consumption computed according to the Michaelis-Menten 

relationship, divided by the total demand. The oxygen deficit is a functional index 

of the amount of hypoxic tissue. 

3.3. Results 

Spatial distributions. Figures 3.4 and 3.5 show predicted distributions of active 

fibers, perfused MVUs, interstitial [K"'"] and PO2 within the muscle cross-section for 

cases in which 31% and 71% of the fibers were active. This example is for the rat 

EDL muscle, where MVUs axe perfused according to the criteria of the conducted 

response mechanism with a critical K"^ value of 5.5 mM. Comparison of Figures 3.4A 

and 3.5A illustrate the different fraction of active muscle fibers. Figures 3.4B and 

3.5B show the spatial mismatch between the muscle fibeis and the domains perfused 

by each MVIJ. Figures 3.4C and 3.5C show the predicted distribution of [K'^] in the 



interstitial space for both levels of fiber activation. Figures 3.4D and 3.5D show the 

corresponding predicted distribution of tissue PO2 in the uuiscle cross section. The 

interstitial pK+j ranges from 3.9 mM in tissue near perfused capillaries to > 5.9 mM in 

regions of tissue with several active rniisck; fibers and no perfused capilhiri(3s. Figure 

4D shows the corresponding predicted distribution of tissue F'Og in the muscle cross 

section. Regions of high interstitial [K"*'] are typically coordinated with regions of low 

tissue PO2. 

Comparison of response mechanisms. Predicted fractions of perfused capil

laries are shown in Figure 3.6 and 3.7 for a range of muscle activation levels. For 

the arteriolar response mechanism (Figure 3.6), results are presented for critical max

imum [K"*"] values of 5 mM and 6 mM. These results are representative of the behavior 

predicted for values in the range 4.5 to 8 mM. Results with Oa-based sensing, assum

ing a critical PO2 value of 5 mmHg [72], are shown for comparison. For both K+-

and Oa-based sensing, not all capillaries are perfused even when all muscle fibers are 

activated. Perfusion of the tissue surrounding an arteriole may keep interstitial [K"**] 

levels from increasing above the critical level for triggering MVU perfusion. This 

behavior is a consequence of the spatial separation between the location of the .sen

sor {i.e. arteriole) and the corresponding region perfused by the MVU, and leads to 

poor tissue oxygenation at high levels of muscle activation (lower panels). Results 

for the conducted response mechanism (Figiue 3.7) are presented for critical average 

[K+] values of 4.5 mM and 5.5 rnM. For a critical level of 4.5 mM, tissue was well 

oxygenated over the entire range of activation levels, as indicated by the low oxygen 

deficit. A higher value of critical reduces the fraction of perfused capillaries 

over the range of fiber activity. Corresponding results with oxygen-based sensing, 

assuming a critical PO2 value of 7 mmHg [72], show a similar fraction of perfused 

capillaries. 

Time course of potassium ion release and reuptake. Figure 3.8 shows the 

predicted time course of interstitial [K"^] following muscle fiber activation, averaged 
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FIGURE 3.4, Example of the steady-state results for the 600 fim by 600 /-TM cross-
section of rat EDL niuscle with 31% of muscle fibers active. The condticted response 
mechanism is assumed, with a critical [K"^] of 5.5 mM. Dotted lines indicate bound
aries of MVUs. A. Active fibers (blue) and inactive fibers (yellow). B. Locations 
of perfused capillaries. 42% of capillaries are perfused, C. Distribution of [K"''] in 
the interstitial space, color-coded according to bar at left. Mean [K'*"] is 4.6 mM, D. 
Distribution of tissue PO3, color-coded according to bar at right. Oxygen deficit is 
0.094. 
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FIGURE 3.5. Example of the steady-state results for the 600 fim by 600 fim cross-
section of rat EDL muscle with 71% of muscle fibers active. The conducted response 
mechanism is assumed, with a critical PC+] of 5.5 mM. Dotted lines indicate bound
aries of MVUs. A. Active fibers (blue) and inactive fibers (yellow). B. Locations 
of perfused capillaries. 61% of capillaries are perfused. G. Distribution of [K+] in 
the interstitial space, color-coded according to bar at left. Mean [K'^] is 4.5 inM. D. 
Distribution of tissue PO2, color-coded according to bar at right. Oxygen deficit is 
0.13. 
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Fraction of Activated Fibers 

FIGURE 3.6. Upper row: fraction of capillaries perfused as a function of fraction of 
muscle fiber area activated with the arteriolar response mechanism, for the three con
figurations considered (left, rat plantaris; middle, rat EDL; right, idealized hexagonal 
array). Closed circles: potassium-based mechanism with a critical maxiinuin [K*'"] of 
5 rnM. Open circles; potassiurn-based media,nism with a critical maximum [K"'"] of 6 
ruM. Dashed line: oxygen-based rnecha.Bism with a critical POg of 5 mmllg. Lower 
row; corresponding values of oxygen deficit. 
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FIGUB,E 3.7. Upper row: fraction of capillaries perfused as a function of fraction 
of muscle fiber area activated with the conducted response mechanism, for the three 
configurations considered. Closed circles: potassium-based mechanism with a critical 
average [K"''] of 4.5 mM. Open circles: potassium-based mechanism with a critical 
average [K"^] of 5.5 mM. Dashed line: oxygen-based mechanism with a critical POj 
of 7 rnmHg. Lower row: corresponding values of oxygen deficit. The asterisks in the 
central panel correspond to the ease illustrated in Figures 3.4 and 3.5. 



over the simulated cross-section of rat E^DL, and the Gorrcsponding clianges in the 

fraction of perfused MVUs. Average [K+] increases rapidly following activation of 

muscle fibers. If no MVUs were activated, the average [K+] would increase at a 

constant rate (0.5 mM s"^ in this case) because the rate of K"*' release exceeds the 

rate of K+ reuptake. The first MVU is perfused when [K"^] levels reach the specified 

level according to tlie assumed arteriolar response or conducted response mechanism. 

The time lag between the start of fiber activation and the increase in blood flow 

is about 1 second. With the perfusion of each additional MVU, a sharp decline in 

interstitial [K+J is predicted, because perfused capillaries function as sinks for K"^, 

and the rise in interstitial [K+] is curtailed. After the number of perfused MVUs stops 

increasing, [K"*"] approaches a steady state. The predicted rate of removal of K"*" by 

perfused capillaries is then much larger than the rate of reuptake by the Na'^'/K^ 

pump. For example, in a simulated muscle cro.ss-section with 100% active fibers, K""' 

is released into the interstitial space at a rate of 5.1 x 10~" mBq s~^ and the rates of 

removal by the Na+'/K"'" pump and by perfused capillaries are then 0,3.3 x 10~" mEq 

s"'' and 4,8 x 10"*^ mEq s""'' respectively. 

Comparison of the two simulated response mechanisms for MVU perfusion (Figure 

3.8) shows that the conducted response mechanism is much more effective than the 

arteriolar response mechanism in limiting the increase in interstitial [K+] for a given 

level of muscle activity. The number of perfused capillaries is slightly higher with 

the conducted response mechanism, which tends to reduce [K+J levels. However, 

the major factor causing this difference is the closer matching between the locations 

of active fibers and the locations of perfused capillaries that is achieved with the 

conducted response mechanism. 
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FIGURE 3.8, Changes in mean interstitial [K""'] (solid line) and fraction of perfused 
capillaries (dashed line) with time following activation of ~43% of the muscle fibers 
in the simiila,ted rat EDL mnscle. A. Arteriolar response mechanism. B. Conducted 
response mechanism. 

3.4. Discussion 

R,egiilation of capillary perfusion. The results presented here support the hypoth

esis that interstitial [K"*"] can act as a mediator for triggering arteriolar vasodilation 

in response to muscle contraction at the onset of exercise. Release of K"*" by active 

fibers causes a rapid increase of interstitial [K'*"] to levels sufficient to cause vasoactive 

responses. The levels of MVU perfusion and tissue oxygenation achieved depend on 

the locations where the increased interstitial [K^'] is sensed. With sensing by the 

arterioles (Figure 3.6), MVU perfusion is incomplete at higher levels of fiber activity. 

In this mechanism, an arteriole supplying an unperfused MVU may itself lie in a well-

perfused region, and so [K+] levels in the tissue surrounding the arteriole may not 

exceed the critical value needed to trigger vasodilation despite the presence of active 

muscle fibers within the domain of the M'VU supplied by the arteriole. Indeed, the 

arteriolar response mechanism did not trigger complete perfusion of all MVUs during 



activa,tiori of all fibers even with a critical [K+] as low as 4.5 mM. In the conducted 

response mechanism (Figure 6), sensing of interstitial by the capillaries resulted 

ill better control of tissue oxygenation because of the direct spatial relationship be

tween the sensors and the region of perfused tissue. The predicted MVU perfusion 

for the K"''-based conducted response and arteriolar response mechanisms was found 

to be similar to that for the corresponding oxygen-based mechanisms over the entire 

range of muscle activity [72]. 

In the simulations, an all-or-none model of MVU perftision is used. Capillaries 

in unperfused MVUs are assumed to have zero flow and not to affect tissue K"*" and 

oxygen levels. In perfused MVUs, all capillaries are assumed to be perfused and to 

have fixed PO^ and plasma fK"*"]. The model inaiets no assumptions or predictions 

concerning rates of capillary blood flow. In reality, some capillaries in a MVU may flow 

even at low levels o f demand [74], and flow in fully pertnsed MVUs can be expected to 

increase with increasing demand. As a result, the variation in biood flow with muscle 

activation would differ from the variation in number of perfused capillaries. Actual 

levels of blood PO2 and plasma [K+] depend on capillary flow rates. Simulation of 

a system including varying capillary flow rates and effects on plasma [K'^j and blood 

PO2 is possible in principle but would add greatly to the complexity of the model 

and to the number of arbitrary assumptions that would be necessary. 

Interstitial K+ levels. Predicted levels of interstitial [K'*'] varied throughout the 

muscle cross-section (Figure 3.5C), consistent with experimental observations [58]. An 

active fiber could increase the [K"'"] in the interstitial space up to 50 fan away, while 

perfused capillaries could significantly reduce the interstitial [K+] in the neighboring 

region of tissue. For the arteriolar response mechanism, steady-state interstitial [K'^'j 

values ranged from 3.9 mM near perfused capillaries up to 9 mM near active fibers, 

over all levels of activation considered. The buildup of [K+] was better controlled with 

the conducted response mechanism, and interstitial [K"*"] ranged from 3.9 mM to 5.6 

mM. Average predicted levels of interstitial [K"^j in the perfused muscle cross section 
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are similar to levels observed experiinentally [107], High levels of interstitial [K"' | 

can lead to impaired cojiduction, of action potentials in muscle fibcirs [35]. Therefore, 

better regulation of interstitial (K+] may represent an additional functional advantage 

of the conducted response mechanism relative to the arteriolar response mechanism. 

Rates of K"*" release and reuptake. The results of the model depend on 

the assumptions made with regard to K"'' releiise and reuptake. The amount of 

K+ released by each aetion potential in ra,t skeletal muscle is estimated to range 

from 4 to ll//.Eqkg-^ [33], Human motor units typically discharge over a relatively 

narrow range of frequencies, from minimum values around 8 Hz [80] to maximmn 

values rarely in excess of 30 Hz [31], The simulated stimulation frequency of 15 Hz, 

therefore, represents a moderate rate of activity consistent with the simulated oxygen 

consumption rate of 16 cm'^OaClOOcm'^iin)"^ in active fibers. The corresponding 

total relefjse rate of 8.5 m.Eq kg ' min ^ for the simulated muscle is within the range 

of experimentally measured values [70]. 

The assumed rate of K"'" reuptake by the Na'^'/K'*" pump is appropriate for the 

first 30 seconds of fiber activity, when no significant increase of intraceUular [Na"*"] 

in active fibers is observed [48]. For a given level of interstitial [K'^], Na^/K"*' pump 

activity is increased with increased intracellular [Na"^] [16]. To simulate K+ reuptake 

for muscle contractions with longer duration, it would be necessary take into account 

the increase in intracellular [Na"""]. The total rate of K+ release exceeds the maximal 

rate of K''" reuptake in the simulated muscle cross section at the onset of activation. 

In maximally working muscle with constricted blood flow, an interstitial [K"'"] of 15 

mM has been obseiTed experimentally within one minute of nrascle activation, [107]. 

In the present model, an interstitiEil [K'*"] of 15 niM is predicted ~20 seconds after 

fiber activation if no additional MVUs are perfused. With MVU perfusion, [K'^j levels 

are controlled mainly by diffusion of K+ into capillaries and removal by convection, 

according to the iissumptions used here. For sustained muscle activation, an inct:e!:ised 

rate of reuptake is necessary for K'^' homeostasis. 
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Critical levels of [K+]. Few experimental data axe availaljle for estima,tioii 

of critical [K'^| values for MVU perftisiori. Wilson et al. [110] showed that a ~24% 

increase in the plasma [K'"] (from 3.8 mM to 4.7 mM) resulted in a significant increase 

in blood flow in the forearm. Duliiig [27] showed that an increase in the [K *"] of the 

superperfnsate from 4,7 mM to 8 mM also resulted in a significant increase in the 

diameter of the terminal arterioles. De Clerk et al. [18] showed that an increase of 1 

mM in the extracellular fluid was sufficient to trigger vasodilation in small rat skeletal 

muscle arteries. In the present study, critical [K"*'J values from 4.5 mM to 8 niM were 

considered for both the arteriolar response and conducted response mechanisms. In 

general, higher values of critical [K+] reduced the fraction of perfused capillaries 

over the range of fiber activity, while lower values increased the fraction of perfused 

capillaries. With the arteriolar response mechanism, however, complete perfusion of 

all MVUs could not be achieved by reduction of the critical [K+] value. R.esults are 

presented for critical values chosen so that the resulting oxygen deficits were in the 

same range as those obtained previously with Oa-based mechanisms [72], to facilitate 

comparison with those results. The critical values chosen for the arteriolar response 

mechanism were higher than the values for the conducted response mechanism because 

sensing at t,he arterioles only requires one region of the tissue to be greater than the 

critical value, while capillary sensing was based on an average value over multiple 

capillaries. 

Regulation of perfusion in during initial activation. When skeletal muscle 

is initially activated, the energy requirement can be met by mechanisms that do not 

depend on the unmediate availability of oxygen. The creatine phosphate pathway 

generates the ATP required for contraction anaerobically during the first 10 seconds 

of fiber activation [66]. Even so, blood flow is observed to increase rapidly within ~5 

seconds of activation [90]. The present results (Figure 3.8) show that the release of K"^ 

into the interstitial space by active fibers can be the basis for triggering perfusion in 

MVUs within 2 seconds of muscle activation, by either the arteriolar response or the 



conducted response mechanism. The increase in blood flow that precedes the rise in 

oxygen deraand may have a significant effect on clearing rrietabolites such as from 

the working muscle. The present results (F'igiu-e 3.8) show that the early increase 

in perfusion, triggered by the conducted response mechanism can greatly diminish 

the initial buildup of extracellular K+, which may be important in maintaining fiber 

excitability and avoiding early onset of fatigue [35J. 

Eixperirnents biased upon exercising human subjects have suggested t;liat delayed 

activation of the Na'^'/K"'" pump is the cause of an initial increase in plasma (K+] (96). 

Hazeyama and Sparks [48] showed saturation of the Na'^/K'^ pump within 5 seconds 

after initial fiber activation, based on data from Na'^'/K* ATPase activity experiments 

on human red blood cells [109]. However, an initial increase in interstitial [K"""] is 

observed in our simulations in the absence of any time lag between fiber recruitment 

and Na+/K"^ pump activation (P'igure 3.8). The experimentally observed increfxse 

in plasma (K+] may be the result of the significant amount of K"'" removed from the 

working muscle by the vasculature, prior to an increased rate of K"'" reuptake by the 

Na'^/K"*' pump triggered by an increased intracellular [Na+], 

Conclusion. Increase in interstitial [K"'"] is one of several signals that may con

tribute to the increase in blood flow observed in capillaries adjacent to stimulated 

muscle fibers at the onset of exercise [39] [8] [106]. The present model shows that arte

riolar dilation triggered by an increase in interstitial [K+] is capable of coordinating 

capillary perfusion with muscle activation. A mechanism in which capillaries sense 

incresised [K"^] and stimulate arteriolar dilation via upstream conducted responses is 

predicted to be effective at all levels of muscle activation. Such a mechanism could 

contribute to the rapid perfusion observed when muscle is initially activated, and 

could play a significant ixile in preventing [K"^"] from reaching levels that might affect 

the conduction of membrane potentials in muscle fibers. Previously, we focused on 

the role of local tissue POg as a signal [72], Given that adequate tissue oxygenation 

is the primary function of capillaries during sustained exercise, involvement of an 
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oxygen-based feedback mechaiiism is likely. Sensing of other metabolites including 

pH, adenosine and nitric oxide may also be involved. At present, however, insufficient 

information is available to assess the relative contributions of these mediators to the 

regulation of blood flow in skeletal muscle. 



4. TIME-DEPENDENT METABOLIC CONTROL OP 

MICROVASCULAR UNIT PERFUSION IN WORKING SKELETAL 

MUSCLE 

4.1. Introduction 

Muscle blood flow is highly coordinated with t;hc onset an,d the intensity of muscle 

contraction. Capillary perfusion is matched to muscle fiber recruitment by multiple 

mechanisms and mediators that regulate the diameter of the feeding arterioles [7], 

The magnitude of arteriolar Vfwjodilation depends on the intensity of exercise [75]. 

Increased blood flow to skeletal muscle is observed within 5 seconds after the onset 

of muscle recruitment, with the rate of blood flow proportional to the intensity of 

the exercise [90] [40]. A biphasic increase in blood flow is observed dining muscle 

recruitment, with, an initial increase to an intermediate value during the first 10 

seconds followed by a second increase to a plateau during the subsequent 20 seconds 

[22][98]. After the cessation of exercise, the feeding arterioles constrict and blood flow 

rapidly returns to resting levels [1][39]. 

Many aspects of this metabolic regulation of blood flow are incompletely under

stood. As already pointed out, responses to a number of different metabolites may 

be involved, and relative roles of different metabolites are not known. Considera

tion of time-dependent aspects raises additional questions. For instance, what is the 

mechanism for the rapid increase of blood flow at the onset of exercise? The rate 

of oxygen consumption does not reach a maximal level until ~.30 seconds after ini

tial recruitment [61]. Oxygen-based mechanisms (Chapter 2) cannot account for the 

rapid increase in blood flow during first 5 seconds. K+ is released immediately on 

muscle stimulation and may act as a stimulus for a rapid increase in perfusion, as 

discussed in Chapter 3. However, there are other mechanisms that can also perform 
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this function. 

The objective of this chapter is to examine the time-dependent aspects of blood 

flow regulation based on responses to K+" and O2. Three topics are examined. (1) 

The predictions of steady-state fraction of perfused capillaries (Chapters 2 a.nd 3) 

were obtained by sinmlating the ettfects of sequential step-by-step increases in the 

number of active muscle fibers. Here, corresponding simulations are performed in 

which the level of activation is assumed to jump to the prescribed level in a single 

step, and the resulting time-dependent behavior is analyzed. (2) To further explore 

the effects of K"^- and ()2-dependent regulation on the blood flow at the onset of 

exercise, the initial transient variations of oxygen and potassium levels are simulated. 

(3) Once flow in a given MVU is initiated, the levels of metabolites including O2 

and K"*" rapidly approach very different levels to tho.se present immediately prior to 

initiation of blood flow. In general, oxygen levels rise above the threshold below which 

perfusion is triggered in the 02-dependent model, while K"*" levels decline below the 

threshold required for perfusion in the K'^'-dependent model. In the models, it is 

assumed that once triggered, perfusion is maintained until metabolic demand drops, 

but the media,nisrns by which this occurs are not known. This problem is discussed 

below and potential mechanisms are proposed. 

4.2. MVU Perfusion After the TVansition from Resting to Active States 

The goal of these simulations was to predict levels of capillary perfusion reached 

following a sudden increase in muscle activation from the resting level Tlie results 

were compared with pi'evious results (Chapters 2 and 3) in which activation was 

increased to a given level in a series of sequential steps. These two approaches can 

give different results because tlie sequence of MVU recruitment depends on the order 

in which oxygen or potassium levels at each arteriole or capillary group cross their 

respective threshold values. As in the previous simulations, capillary perfusion was 



assumed t o  be triggered by vasciilax sensHig of Jocal metabolic condiSiotis during tlie 

transition from rest to fiber recruitment at different intensities of activation. The 

three muscle cross sections previously described were used to determine the location 

of the muscle fibers, capillaries and interstitial space. Interstitial [K"'"] was determined 

over the same network of discrete nodes representing the interstitial space as before. 

The distribution of tissue PO2 was predicted for the previous 600 /im l,:)y 600 ji/m 

computational regions representing the cross sections of a rat plant,axis, rat EDL and 

idealized hexagonal muscle. Equations (3.2) and (2.1) were used to determine the 

eventual steady-sta,te distribution of interstitial [K+] and tissue PO2. 

The number of MVUs perfused in response to different intensities of fiber activa

tion from rest was predicted. Starting from an initial state with no active fibers and 

one perfused capillary, a number of the nuiscle fibers were activated to represent the 

transition from rest to different intensities of fiber activation. The identical muscle 

fibers were activated for the levels of fiber activation as in tlie siinulation.s described 

in the previous chapters. 

The rate of oxygen consumption in a working fiber does not increase from resting 

to maximal levels immediately, but continuously over a range of 30 seconds. Kindig 

et al. [61] measured the decline in the PO2 of the superperfusate surrounding an 

individual myocyte during electrical stimulation. An exponential function with a 

delay was used to fit the rate of oxygen consumption by a working muscle fiber over 

time. Parameters for the function were determined from experimental data. The 

simulated consumption rate in a typical active muscle fiber wiis given by: 

The time-dependent oxygen consumption is represented in the Michaelis-Menten 

consumption rate of etjuation (2.1) as the maximal rate of oxygen consumption Mo. 

The maximal rate of oxygen consumption is given by 

iiCtive (4.1) 

Mf,,. A\ ^ A^inact.i-
0 ^J S J i 

"hwtivB 
'iniK:t.ive fi' the fiber is resting 
M-.tive if fhe fiber is active 

(4.2) 



where M o { x , y , t )  is the time-dependent maximal rate of oxygen consumption evalu

ated at each location (x, y) in the miiscb at time t and Afi,)active is the rate of oxygen 

consumption in inactive fibers (1 cm'^C)3(100cm'hxiin)'"^). The value for Moix,y,t) is 

updated every 50 ms as equation (2.1) is solved. 

MVU perfiiaion was determined assuming the same two mechanisms of perfusion 

regulation described for the previous simulations. Vascular sensing of tissue PO2 and 

K+ at the arterioles was represented by the arteriolar response mechanism, while 

sensing at the capillaries wos represented by the conducted response mechamsm, as 

already discussed (Chapters 2 and 3). Perfusion was assumed to be triggered when 

the [!(!••"] increased above a specified critical level, or when the tissue PO2 decreased 

below a critical level. For the arteriolar response mechanism, critical (K"*"] values of 5 

and 6 inM and a critical PO2 of 5 mraHg were used. Critical [K+] values of 4.5 and 5.5 

mM and a critical PO2 of 7 mmHg were used for the conducted response mechanism. 

The criterion for triggering MVU perfusion was tested every 20ms, and a MVU was 

perfused when the corresponding criterion was satisfied. The steady-state fraction of 

capillaries perfused for a given level of muscle activity after the transition from rest 

to exercise was predicted. 

Coniparison of response mechanisms. The steady-state predicted fractions 

of perfused capillaries are shown in Figures 4.1 and 4.2 for the transition from rest 

to a range of muscle activation levels. For both K'^- and Oa-based sensing, not all 

capillaries are perfused even when all nmscle fibers are activated. The spatial separa

tion between the location of the sensor and the corresponding region perfused by the 

MVU still leads to poor tissue oxygenation at high levels of muscle activation (lower 

panels). Results for the conducted response mechanism (Figure 4.2) are presented 

for critical [K"'"] values of 4.5 mM and 5.5 mM and a critical PO2 value of 7 mmHg. 

For a critical level of 4.5 mM, tissue was well oxygenated over the entire range of 

aetivation level, as indicated by the low oxygen deficit. A higher value of critical [K"*'] 

reduces the fraction of perfused capillaries over the range of fiber activity, but does 
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not lead to poorer oxygenation at high levels of activatioiij as seen when the arteriolar 

response was assumed. The results for ()2-based sensing show a similar fraction of 

perfused capillaries. As was the case for the previous simulations, vascular sensing of 

metabolic changes by the capillaries triggering perfusion via the conducted response 

mechanism is capable of matching capillary perfusion with muscle activation over the 

entire range of activation, levels. 
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FIGURE 4.1. Upper row: fraction of capillaries perfused as a function of fraction 
of muscle fiber area activated with the arteriolar response mechanism, for the three 
configurations used in simulations (left, rat plantaris; middle, rat EDL; right, idealized 
hexagonal array). Closed Circles: K'^'-based mechanism with a critical [K+] of 5 ,mM. 
Open Circles: K"""-based mechanism with a critical [K"'"] of 6 mM. Dashed line: tissue 
POg-based mechanism with a critical PO2 of 5 nmiHg. Lower row: corresponding 
values of oxygen deficit. 

The results for the transition from rest to muscle activity are consistent with 

the results for a progressive increase in the intensity of muscle activity (Figures 3.6 
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FIGURE 4.2. Upper row: fraction of capillaries perfused as a function of fraction 
of muscle fibers activated, for the three configurations used in simulations using the 
conducted response mechanisms. Closed Circles: K"'"-bfJsed mechanism with a critical 
[K+j of 4.5 mM. Open Circles: K"''-based mechanism with a critical [K+] of 5.5 mJVI. 
Dashed line; tissue P02~bjised mechanism with a critical PO2 of 7 rnmHg. Lower 
row: corresponding values of oxygen deficit. 
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and 3.7). Vascular sensing of the metabolic changes by the arterioles resulted in 

incomplete MVU perfusion for higher levels of muscle activity for both tissue PO2 

and [K+] based mechanisms [72]. Capillary sensing leading to arteriolar vasodilation 

triggered by conducted responses was capable of increasing MVU perfusion to match 

both progressive increases in fiber activity and increased fiber activity from rest. 

4.3. Potassium and Oxygen Levels During the Transition from Resting to Active 

States 

On activation of muscle fibers, K"*" is rapidly released into the interstitial space, 

whereas oxygen consumption does not reach a maximal level until ~30 seconds af

terwards. Therefore, regulatory mechanisms based on levels of K+ or O2 would be 

expected to result in different transient behavior of tissue metabolite levels at the on

set of exercise. To examine this, the methods described in the previous section were 

used to predict the evolution of tissue PO2 in the muscle cross section and [K"*"] in the 

interstitial space. The changes in the average interstitial [K"^] and mean tissue PO2 

over time were recorded at 20 ms intervals after the onset of fiber activation. MVU 

perfusion was determined using the arteriolar response mechanism and the conducted 

response mechanism as described previously. For the arteriolar response mechanism, 

a critical K"*" value of 5 mM and a critical PO2 of 5 rnmHg were used. A critical K'"" 

value of 4.5 rnM and a critical PO2 of 7 mmHg were used for the conducted response 

mechanism. The criterion for triggering MVU perfusion was evaluated every 20 ms, 

with an MVU perfused when the criterion for the corresponding mechanism for per

fusion was .satisfied, As each additional MVU was perfused, the mean tissue PO2 

and the mean interstitial [K"^] were measured. The time course of MVU perfusion 

was used to determine the time recjuired to trigger a sufficient number of MVUs to 

maintain adequate oxygenation after muscle fiber activation. 

Time course of mean PO2 and mean [K"'"] for the arteriolar response and 
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conducted response mechanisms. Immediately after the start of fiber activation, 

the interstitial [K"*"] increased at a rate proportional to the fraction of active fibers. 

The rapid increase in interstitial [K'^] triggered MVU perfusion within 1-2 seconds 

after fiber activation for the K"''-bixsed mechanisms (Top rows: Figure 4.3 and 4.4). 

Successive MVUs were perfused quickly after the perfusion of the first MVU. Each 

additionally perfused MVU removed K"'" and delivered additional oxygen to the tissue, 

reducing the interstitial [K"^) and increasing tissue PO2 in a region of muscle near to 

the perfused capillaries, MVUB were perfused prior to an increased rate of oxygen 

consumption in working muscle fibers, which increased the tissue PO2 in the muscle 

cross-section. 

For the POj-based medisuiisms, the delay between fiber activation and the max

imal rate of oxygen consumption in skeletal muscle resulted in a delay between the 

start of fiber activation and MVU perfusion (Bottom rows: Figure 4.3 and 4,4). The 

mean tissue PO2 declined up to 8 mmHg and the mean interstitial [K+J increased 

above 5.0 niM before the first MVU was perfused, even when only 42% of the muscle 

fibers are active. Perfusion of the required number of MVUs w£is not achieved until 

10 seconds after the start of fiber ac.tivation. 

MVU perfusion triggered by vascular sensing of interstitial [K'^'] minimized the 

buildup in [K'^] and prevented a drop in tissue PO2 a;t the onset of fiber activation. 

The P02-based mechanisms did not trigger MVU perfusion until the tissue P()2 

had decreased below the critical values, resulting in an increased build up of K"*" in 

the interstitial space and increased time between the start of activity and capillary 

perfusion. 

Removal of K'^ by perfused capillaries. In fully active muscle, the propor

tion of released that was removed by perfused capillaries is approximately 90%. 

Potassium uptake by the Na'^'/K*'" pump was minimal prior the build up of intracellu

lar Na"^. The majority of potassium released in the first minute of muscle activation 

accumulates in the circulatory system. In simulations, 5.1 x lO""''- mEq of K"'" is 
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FIGURE 4.3. The change in the mean PO2 (left cohmin), mean [K+] (middle column) 
and fraction of perfused MVUs (right column) across the simulated rat EDL nmscle 
after ~45% of the muscle fibers are activated at time t = 0 seconds for the arteriolar 
response mechanism based on sensing increased [K"""] (top row) a.nd sensing decreased 
tissue PO2 (bottom row). 
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FIGURE 4.4. The change in the mean PO2 (left column), mean [K'*"] (middle colunm) 
and fraction of perfused MVUs (right cokimn) across the simulated rat EDL muscle 
after ~45% of the muscle fibers are activated at time t = 0 seconds for the conducted 
response mechanism based on sensing increased [K'^](top row) and sensing decreased 
tissue PO2 (bottom row). 
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released each second when all imiscle fibeiB are active. Assuming that capillaries 

comprise 10% of the cross sectional area with a blood flow rate of 1 mm/s, plasma 

[K"^] increases by approximately 2 mM as blood travels througli the 500 /.««, length 

of the capillaries in each MVU. However, as the rate of potassium uptake by muscle 

fibers increases, the proportion of K"^ removed by the perfused capillaries decreases 

to 50% resulting in a drop in the plasma [K"'"]. 

The predicted plasma [K"^| increases during the initial phase of muscle activation, 

then exhibit a slight decrease to a steady-state level reflecting the increi-ised potassium 

reuptake by working nrascle fibers. 

Discussion. Increased interstitial [K"'"] triggered the simulated MVU pej-fusion 

within 2-3 seconds after fiber activation. This suggested that perfusion triggered 

by vascular sensing of interstitial [K"*"] may be associated with the rapid increase in 

blow flow observed at the onset of muscle activity. Tissue POj-based regulation of 

MVU perfusion did not trigger perfusion until ~10~20 seconds after muscle fibers were 

initially recruited. Vascular sensing of decreased tissue POj had a less significant role 

for triggering rapid MVU perfusion at the onset of fiber activation than sensing of 

interstitial [K+]. 

For short bursts of muscle activity less than 10 seconds, creatine phosphate in the 

muscle fiber supplies the ATP driving fiber contraction [66]. Although the energetic 

requirement for muscle contraction is satisfied by creatine phosphate, blood flow still 

increases with fiber activity during the onset of nrascle activation. For muscle activity 

lasting longer than 10 seconds, the creatine pathway becomes depleted and capillary 

perfusion is necessary to deliver oxygen to generate ATP by oxidative phospfiory-

lation and glycolysis. Perfused capillaries deliver oxygen to regions of high oxygen 

consumption in the muscle. 

Blood flow to skeletal tissue is observed to increase prior to the rise in the rate of 

oxygen consumption. In the absence of blood flow, interstitial [K"' ] can increase to 

~14 mM from a resting value of 4 niM during sustained muscle contraction [58] {107], 
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Simulations with no perfused capillaries predicted that the interstitial pK+] increased 

to concentrations greater than 15 niM within 20 seconds of activation in the absence 

of perfused capillaries, a concentration that inhibits the propagation of the membrane 

potential along the muscle libers. 

Ra.pid perfusion of the working muscle prior to increased oxygen consumption 

minimized the rapid buildup of [K"^'] in the interstitial space, and increased tissue PO2 

in anticipation of increased oxygen consumption during sustained muscle activity. In 

the model, the assumed rate of uptake of K"** from the interstitial space was relatively 

low, and much less than the rate of release by active fibers. At later time points, the 

uptake rate would increase due to the buildup of intracellular [Na+]. 

4.4. Maintenance of Flow During Activation and Reduction of Flow After Activa

tion Ceases 

Increased blood flow is sustained in muscle over the duration of activity, remaining 

approximately steady with constant levels of activity and returning to resting values 

within a minute after the cessation of activity. Bbr sustained exercise, increased blood 

flow is required to maintain adequate tissue oxygenation throughout the working 

muscle. The models presented here can account for the initiation of perfusion at the 

onset of exercise. Vascular sensing of decreased tissue f^Oa and increased interstitial 

[K"*"] can match capillary perfusion with oxygen demand in skeletal muscle. However, 

the perfusion of capillaries increases tissue PO2 and removes K+ from the region 

of tissiic near the capillaries. The present models do not explain how perfusion is 

maintained once PO2 has incre;ised above the threshold level or [K+] has fallen below 

the tlireshold level. Similarly, they do not account for the reduction of flow after 

activation ceases. 

Maintenance of perfusion in working muscle. The simulations in Chapters 

2 and 3 assumed a steady capillary PO2 of 45 mmHg and a steady plasma [K+) of 



78 

3.9 niM. Although these values are reasoaable approximations, they do not reflect 

the changes in PO2 or plasma [K"*"] along the length of the capillaiie.?. The P()2 is 

high near the arteriolar end of the capillaries, declining towards the venous end [78], 

Similarly, the [K+] in the blood increases as it flows from the arteriole end to the 

venous end, depending on the intensity of exercise. 

In the simulations, increased blood flow tends to remove the metabolic signal that 

initially triggered capillary perfusion. However, in cross-sections near to the venous 

end of the MVU, the plasma PO2 may be below or [K+J may be above the trigger level 

and the metabolic signal triggering capillary perfusion may still be present. Vascular 

sensing of metabolic changes at the venous end of the capillaries leading to arteriolar 

vasodilation via conducted responses may sustain perfusion in working muscle. 

Other mochanisms may participate in sustaining capillary perfusion. Hemody

namic factors, namely shear stress and pressure at tlie inner wall of the arteriole, 

influence arteriolar tone [64] [20]. The response to shear stress can function as a pos

itive feedback mechanism for controlling arteriolar diameters. In arterioles that are 

already dilated by vascular sensing of metabolic changes, the increased blood flow 

can result in increased shear stres.s. The resulting endothelium-dependent vasodila

tion can sustain the incretised arteriolar diameter after capillary perfusion removes 

the metabolic signal that initially triggered vasodilation. 

The red blood cell itself may regulate m,u.scle perfusion [28] [50], Exposure of 

red blood cells to hypoxia releases ATP into the plasma [9], which can stimulate 

purinergic receptors on the endothehum and trigger vasodilation [86]. Application of 

ATP to the venules triggers vasodilation in the upstream arteriole, likely triggered via 

conducted responses travelling upstream along the endothelium [28]. Vascular sensing 

of the oxygen saturation level at the venules is not affected by increased tissue PO2 

delivered to perfused tissue, and may function as a mechanism for regulating and 

maintaining blood flow t.o working muscle, 

In addition to local control mechanisms, extrinsic control mechanisms are impor
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tant for regulating blood flow during exercise [23]. At the onset of mnscie coutractiou, 

stimulation of the sympathetic nervous system changes the diameter of the arterioles 

in skeletal muscle, constricting flow to organs and inactive muscles to maintain blood 

pressure during increased blood flow to the muscle [76] [12]. Control of blood flow to 

individual MVUs l>y neural regulation is unlikely since anatoinicaJ evidence does not 

support individual innervation of terminal arterioles. Given the increased fraction 

of capillaries necessarily perfused for a given fraction of active fibers because of tlie 

spatial mismatch between the motor units and MVUs [36], individual control of MVU 

perfusion is necessary to maintain adetpiate tissue oxygenation with minimal blood 

flow [1.0] [72]. Local control of terminal arteriole diameters is likely dependent on local 

metabolic changes in the muscle, while a neural response mechanism likely regulates 

blood flow to larger regions of muscle tissue. 

Other global mechanisms of regulating blood flow are similarly restricted in their 

ability to control perfusion in individual MVUs. A systemic increase of a vasodilatory 

signal such as a hormone or plasma [K''"] in the circulatory system may sustain arte

riolar vasodilation. The endocrine s_ystem can change the concentration of hormones 

in the blood that modulate the diameter of arterioles. However, because hormones 

are not targeted to individual arterioles, endocrine-based regulation of vasodilation 

a,ffects all arterioles throughout the body. Similarly, plasma [K"""] increases from a 

resting concentration of 4 mM up to 6 mM following muscle activation [46][91][34], 

and decreases to resting levels follow the cessation of muscle activity [69]. This sys

temic increase in phisma [K"'"] would be sensed by all arterioles in the body. 

Reduction of blood flow following the cessation of muscle activity. Blood 

flow returns to resting values within a minute after the cessation of exercise [23]. 

Oxygen demand and K"^' release in muscle fibers decrease at the end of fiber activ

ity, returning tissue PO2 and interstitial [K"""] to resting conditions. In muscle tissue 

closest to the venous end of the capillaries, cessation of fiber activity could lead to 

an incre&se in tissue above or a decrease in interstitial [K"^'] may be sufficient to 
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shift the net stimulus below the trigger level. ID. the case where MVIJ perfusion is 

sustained by vascular sensing of metabolites at the veiious end of the capillaries, the 

retinn of the metabolic conditions to normal values after the cessation of contraction 

reduces the signal for triggering vasodilation. However, the arteriolar response mech

anism likely does not participate in stopping blood flow. Since vascular sensing of 

metabolic changes at the arterioles likely does not sustain perfusion during exercise, 

the change in the metabolic conditions after the cessation of exercise may not lead to 

vasoconstriction. 

The sympathetic nervous system constricts arterioles in most tissues unrelated to 

the active muscle [25]. When the signal for sustaining vasodilation is removed at the 

end of exercise, a central, mechanism of regulating arteriolar diameters such as the 

sympathetic nervous system can return the blood flow to resting values, 

Future Directions. Controlling capillary perfusion in response to skeletal muscle 

activity consists of three separate phases of blood flow regulation: initial perfusion of 

the capillaries, sustained blood flow during activity, and the reduction of blood flow 

after the cessation of muscle ai;tivity. Investigation of the specific mechanisms for 

maintaining and stopping blood flow duruig muscle activity requires more complex 

models of skeletal muscle. Although the previous chapters provided a framework for 

examining the effects of blood flow regulation on tissue oxygenation using mathemat

ical simulations, the simulations did not con.sider mechanisms for maintaining flow 

during sustained activation or for reducing flow following the cessation of activation. 

By focusing on the distribution of tissue POj in a cross section of skeletal muscle, 

the sinmlations suggested that perfusion at the onset of exercise can bo regulated by 

local mechanisms based on vascular sensing of metabolic changes at the arterioles and 

the capillaries. Effects of tissue PO2 or interstitial [K+) were considered separately. 

For a more integrated approach to simulating blood flow regulation, the time course 

of vasodilation for different metabolic signals is necessary to incorporate the effects 

of multiple response mechanisms, such as the effects of adenosine, acetylcholine, and 
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other metabolites. However, more experimental data is needed to explore these future 

directions. The dynamics of metabolite release and the vascular dilation in response 

to exposure to different concentrations of the individual metabolites were used in this 

simulation, but experimental data showing the arteriolar response to a combination 

of mediators is necessary for a more complete simulation of perfusion regulation by 

local mechanisms. 

Future work on blood flow regulation will require a combination of approaches 

including mathematical simulations and experimental observations. A more complete 

picture of blood flow regulation could be obtained if imaging techniques were available 

to adequately resolve oxygenation at the level of MVUs. Until such techniques are 

developed, the simulation of blood flow regulation in muscle should be one of several 

techniques for studying the mechanisms of regulating blood flow over the duration 

and intensities of muscle activation. 
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5. CONCLUSIONS 

How is the demand for increased perfusion in working muscle met? 

During muscle contraction, blood flow to the muscle tissue is increased to meet 

the increased demand for oxygen in active muscle fibers. The diffusion, distance 

of oxygen decreases as the demand for oxygen increases, requiring a higher density 

of perfused capillaries or a greater concentration of oxygen in the capillaries. To 

maintain adequate tissue oxygenation in working muscle, additional capillaries are 

perfused and blood flow to perfused capillaries is increased. 

How does the fimctiorial grouping of capillaries and muscle fibers affect 

the delivery of oxygen to working muscle? 

EYinctional grouping of capillaxies into microvascular imits (MVUs) and rmiscle 

fibers into motor units creates a spatial mismatch between oxygen delivery and the 

regions of tissue that consume oxygen. Perfect spatial matching between capillaries 

and muscle fibers would result in a linear relationship between the number of capil

laries necessarily perfused and the number of active fibers over the range of exercise 

intensity. However, active muscle libers belonging to the same motor imit incretise 

oxygen consumption in regions of tissue dispersed across the muscle, while microvas

cular units deliver oxygen to a localized neighborhood of tissue. This spatial mismatch 

between oxygen delivery and consumption necessitates greater than linear increase in 

the fraction of perfused capillaries to maintain adequate tissue oxygenation over the 

range of exercise with the nimiber of active fibers. 

What is the effect of oxygen diffusion on tissue oxygenation given the 

spatial mismatch between microvascular units and motor units? 

Oxygen can diffuse from regions of muscle with a higher tissue POj to regions with 

lower tissue POj, helping to offset the effects of the spatial mismatch between MVUs 
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and motor units. Active muscle fibers can be supplied with oxygen from capillaries 

that are not immediately adjacent to the working fiber, minimizing the number of 

perfused capillaries required to maintain adequate oxygenation in working muscle. 

Can vascular sensing of decreased tissue PO2 form the basis of a mechanism 

for triggering arteriolar vasodilation during muscle activity? 

Simulations of a mechanism, for triggering arteriolar vasodilation based on vascular 

sensing of decreased tissue POg support the hypothesis that such a mechanism can 

be used to regulate blood flow in working muscle. Arteriolar vasodilation triggered 

by decreased tissue PO2 can increase MVU perfusion to match increases in the num

ber of recruited muscle fibers. The increased number of MVUs necessarily perfused 

to maintain adequate tissue oxygenation given the spatial mismatch is reduced by 

vascular sensing of tissue PO2 and the diffusion of oxygen across the muscle. 

What are the consequences of directly sensing the vasodilatory signal at 

the arterioles compared to sensing at the capillaries eliciting conducted 

electrical responses travelling upstream to trigger vasodilation? 

Vtisodilation of the feeding arteriole results in blood flow to the downstream cap

illaries typically located away from the arteriole. Direct sensing of tissue PO2 leading 

to vasodilation of the arterioles creates a spatial separation between the location of 

the sensor and the region of tissue where oxygen is delivered. At higher levels of 

fiber acti%'ation, the arteriole may lie in an adequately perfused region of tissue such 

that vasodilation is never triggered. Sensing at the capillaries triggers blood flow in 

the regions of poorly oxygenated tissue a,t all levels of fiber activation. Control by 

arteriolar sensing leads to poor control of tissue oxygenation at higher levels of muscle 

activation. Control by capillary sensing leads to increases in, perfusion that ma;tch 

the increases in oxygen demand over the range of muscle activation. 

If oxygen consumption in active miisde fibers does not reach a maximal 



rate until ~25 seconds after the onset of activation, how does this delay 

affect the time course of MVIJ perfusion? 

When a time-dependent increase in the oxygen consumption rate of working fibers 

was simulated, the increase in the number of MVUs perfused did not reach a steady-

state tintil 15-20 seconds after the onset of fiber activation. The delay until the 

active fibers are consuming oxygen at a maximal rate results in a corresponding 

delay between the start of fiber activation and the time when a steady-state fraction 

of MVUs are perfused. However, tissue oxygenation is adequate during this delay 

because of the reduced rate of oxygen consumption. 

What other signals may be responsible for triggering the experimentally 

observed increase in blood flow within 5 seconds of fiber i-ecriiitment? 

Metabolites such as ADP, acetylcholine, and lactic acid are known to have a 

vasodilatory effect, but these metabolites are not present in significant concentrations 

at the onset of exercise. However, sufficient K+ is released with each membrane 

potential to affect the concentration of K* in the interstitial space within 5 seconds 

of fiber recruitment. A central mechanism such as the sympathetic nervous system 

can also trigger rapid vfisodilation in response to muscle fiber recruitment, but a 

global mechanism for regulating blood flow does not have the spatial resolution to 

control perfusion in individual MVUs. 

Can vascular sensing of increased interstitial [K+j form the basis of a mech

anism for triggering arteriolar vasodilation at the onset of muscle activity? 

Simulations of arteriolar vasodilation triggered by increased interstitial [K+] su|> 

port the hypothesis that vascular sensing of K+ can be the basis of a mechanism to 

regulate MVU perfusion. At lower levels of muscle activation, both the arteriolar 

response and conducted response mechanisms were effective in stimulating sufficient 

capillary perfusion to meet oxygen demand. At higher levels of muscle activation, 

control by arteriolar sensing led to poor control of tissue oxygenation, but control 
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by capillaxy sensing triggered increases in perfusion that matched the increases in 

oxygen demand. The predicted capillary perfusion increased rapidly within the first 

5 seconds of muscle fiber activation. 

What is the function of capillary perfusion immediately following muscle 

recruitment if oxygen is not significantly consumed until ~25 seconds after 

the onset of activation? 

The perfusion of eacli additional M VU had a, significant effect on reducing the in

terstitial [K'^'] during the first 25 seconds after the onset of activation. The niicrovas-

cnlature was response for removing ~9()% of the K"'" released by working fibers. The 

present results suggest that the early increase in perfusion triggered by the vascular 

sensing of K""* can greatly diminish the initial buildup of extracellular K"*", which may 

be important in maintaining fiber excitability and avoiding early onset of fatigue. 
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6. APPENDIX 

APPENDIX A 

A.L Calculation of the Tissue PO2 Distribution 

Diffusion of oxygen in the muscle cross section was modelled using the diffusion equa

tion witli sink terms at the active fibers. The perfused capillaries were represented 

through boundary conditions. The two-dimensional time-dependent diffusion equa

tion used was: 

dt  \  ̂  J .  J  P{x ,  y ,  t )  +  Pa ^ '  

where P{x ,y , t )  represents the PO2 at a point (», y) at time t .  The quantity Da 

was assumed to be a constant, where D is the diffusion coefficient of oxygen in tis

sue (1.5xl0~® cm'^-s"') [6], and a is the solubility (4xl()""'® cn:i'H32-cm"®-mmHg~''). 

Within each muscle fiber, the oxygen demand Mq was set to MinaoUve or Mactiva as 

appropriate. To minimize the effect of boundary artifacts, periodic boundary con

ditions were imposed at the edges of the domain, i.e., levels of PO2 at each edge of 

the domain were assumed to match those a,t the corresponding point on the opposite 

edge. An initial condition of 20 mmHg was i,ised. 

An explicit finite-difference method was used to solve equation (A.l). A 300x300 

grid was used, corresponding to a spacing of 2 fim between grid points, with a 0.5 

ms time step. PO2 values at all grid points lying within perfused capillaries were 

set to 45 mm'Hg. The computations were continued until the absolute difference in 

tissue PO2 between successive time steps was less than 2 x 10"'^ mmHg at eaclx grid 

point. The tissue PO2 was assumed to be at a steady-state when this condition was 

met. In the initial state, all fibers are assumed to be inactive. A single MVU was 

assumed to be perfused to meet the oxygen demand in this resting cfise. The number 
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of active fibers was then increased as already described, and the perfused capillaries 

were determined according to the criteria described below. The steady-state solution 

was found for each level of exercise intensity represented by the fraction of active 

fibers. 

Initially, a Crank-Nicolson implicit method was considered for this problem. How

ever, a two-dimensional N hy N problem required the inversion of an iV'^ by N'^ ma

trix, or a 90000 by 90000 matrix for this simulation. The requirements for memory 

and storage for this method were intractable. 

As an alternate method, the Alternating Direction Implicit (ADI) method initially 

proposed by Peaceman and Radiford (83] was used. ADI is a semi-implicit method 

that works by splitting the diffusion operator into two alternating steps of diffusion 

along each axis. Since diffusion is only simulated in one direction with each step, the 

implicit method of one dimensional diffusion requires the inversion of a single N by 

N matrix. Although ADI is not fully implicit, it is stable for larger time steps than 

the explicit method with much less computational demand than the Crank-Nicolson 

method, Peaceman and Rachford's original formulation of ADI was used, with the 

addition of a sink terra to each step. This formulation can be shown to be accurate 

of order (At, Ax®), 

However, this implicit method was not suitable for solving this problem. The fixed 

PO2 at all grid points corresponding to perfused capillaries is an interior boundary 

condition. When the equation wjis solved implicitly, the PO2 value of the grid points 

representing perfused capillaries at the next time step are necessarily set to the bound

ary value. Therefore, the single N by N matrix that represented the one-dimensional 

ADI diffusion matrix must be recalculated for each row in the computational region, 

depending on the location of the boundary conditions representing perfused capillar

ies. The inverse of the diffusion matrix must be calculated for each row, reducing the 

computational speed of the ADI method. 

A different approach was used to simulate the fixed PO2 at the perfused capillaries 
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to address the problem of the time step dependent steady-state solution. Rather 

than a imiform diffiisiou coefficient in the cross scction, the diffusion coefficient at 

all grid points representing the perfused capillaries was set to zero. However, the 

advantages of the ADI method are negated when diffusion cannot be uniformly applied 

to the computational region. Selectively setting the diffusion coefficient at specific 

grid points requires reorganizing the N by N computational domain into a iV® by 1 

vector, and using a full by matrix operating on the vector. This approach 

significantly increases the memory and computational power required to solve for the 

steady-state solution. 

Another approach to solving the problem with the ADI method was to use a 

source term to represent the perfused capillaries. A POj-depondont terra at all grid 

points would represent tfie delivery of additional oxygen by perfused capillaries. The 

irregular fixed internal boundary conditions created by the perfused capillaries would 

be treated as space dependent source terms, identical in application as the oxygen 

consumption function used to simulate resting and working fibers. This approach 

resulted in uneven values for the POj at the perfused capillaries, unless the source 

term is sufficiently large. However, a large value for the source term requires a smaller 

time step to minimize the dispersion. The shorter time steps offset the advantage of 

a sfiorter computational time for the ADI method. 

Because the ADI method could not be implemented in an efficient manner for this 

problem, tlie explicit finite difference method was used to solve equation (A.l). An 

by 1 vector u was generated by reorganizing the N by N computational domain, 

and a finite nine>-point diffusion scheme was applied to the domain by an by 

N'^ operator A. At each time step, an N'^ by 1 vector / representing the oxygen 

consumption at each grid point was added. The predicted tissue PO2 for u at the 

subsequent time step n + 1 was given by: 

== + Atr (A.2) 



where u"' was the vector representing the F'C)2 in the muscle cross-section at time n, 

and /" was tlie vector representing the rate of oxygen c'onsumption at time n. Each 

row in the matrix /I operated on one point in the vector 'u", calculating the corre

sponding nine-point finite difference approximation of the gradient. The numerical 

operator .4 was: 

A = 1 + AtDaV- (A.3) 

where for the PO2 at grid point (i, j) was approximated by: 

^ {Pi-lj+l + Pi-Uj-l + Pi+lJ-l + Pi+i,j+l + 

++'M+ u + -  2 QB ,,J) (a.4) 

Oxygen delivery was simulated by representing perfused capillaries as a constant 

internal boundary condition. Perfused capillaries in the cross section are assumed to 

lie between the feeding arteriole and the vermle. A fixed PO2 of 45 mmHg wfis assumed 

for the capillaries, within the range of observed values in the rnicrovsisculature. 

The steady value for the PO2 at the perfused capillaries was simulated by setting 

all grid points representing perfused capillaries to a fixed value of 45 rnniHg. The 

operator A was adjxisted such that there would be no diffusion at grid points corre

sponding to perfused capillaries, by making all elements in the row equal to 0, except 

for 1 on the diagonal. The consumption vector /„ was also adjusted such that there 

was no oxygen consumption at the grid points representing perfused capillaries. 

For a Ax of 2 microns and Da = 9 x 10"'^", a At of 0.5 nis was reqxrired for the 

convergence of the explicit method. Equation (A.2) was iterated to predict the tissue 

PO2 distribution. The distribution of tissue FO2 was determined to have converged 

to a steady-state solution when the L2 norm of the difference in the PO2 over 1 second 

Wcis less than 5. 

To assess the overall level of tissue oxygenation, the "oxygen deficit" wjis defined 

as the difference between the total oxygen demand of Lite region and the total con

sumption computed according to the Michaeiis-Menten relationship, divided by tlie 
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total demand. Given P{:>',y), the tissue POj at a grid point {x.,y), the corresponding 

oxygen deficit was: 

where Fo was the tissue PO^ of half maximal consumption Jis derived fTorn the 

Michaelis-Menten kinetics. The oxygen deficit for the muscle cross-section is de« 

termined by averaging the oxygen deficit at all the grid points. Consumption falls 

significantly below demand only in regions of low PO2, so the oxygen deficit is a 

functional index of tlie amount of hypoxic tissue. 

APPENDIX B 

B.l. Calculation of Potassium Ion Diffusion 

The photomicrographs of the muscle cross section were used to determine the location 

of the iimscle fibers. The interstitial space was determined to be the area between 

muscle fibers, at the intersection of different fibers. The interstitial space was ini

tially defined as line segments around the muscle fibers. A node was defined at each 

intersection between line segments. The line segments were further discretized into 

subnodes, with a spacing between subnodes no greater than 4 /mi. 

The interstitial space was represented by this discrete network of nodes, where 

the location of all nodes and the spacing between each node were tabulated. For each 

node, the neighboring nodes and adjacent fibers were tabulated. 

The diffusion of [K"^] in the interstitial space was predicted by numerically solving 

the diffusion equation on the network of nodes. For time step n +1, the [K"*"] at node 

Pi with two neighbors of distance /\x apart Pt_i and Pj+i was estimated using the 

discrete approximation of D^: 

Oxygen Deficit = 1 

At 
+1 = if + ^ 2Pl' + (B.l) 



If the adjacent nodes Pi_i and Pj+j were spaced apart by Aarj-i and Aari+i, then 

pn+\. determined by: 

>)Af / pn 1 1 pn V 
+ D- ' - + ) (B.2) 

Ai'-f,,! + Aajj+j \Aa;,;.„j Axj i Asf+i AaJi+j/ 

Similar equations were derived for a node Pj with one to k neighbors Py to Pk 

spaced Axi to Ax^ apart based on the conservation of the total amount of K""" asso

ciated with each node, For one node: 

0 j\f 
pn+l pn 25^(p« pn) (B.3) 

For k nodes: 

9/\f / P" P" 1 1 \ 
pn+i pn , n,.,. It:: ( JUL J 4. JUL - f—— J + P" 1 (B 4) 

'• ' Axi + • • • + Axk V A:ri ' Ax/, ^ Axi Ax/, ̂  V ^ ' 

For a network with N total nodes, the interstitial fK+] at; each node was repre

sented by the vector P of size N by 1, The spread of K+ in the interstitial space 

after a time At was predicted using the forward Euler method by evaluating equation 

(B.4) for each node. The [K'*"] for each node at the subsequent time step was given 

by; 

P"+' = KP" 4- Ai(£;" -f i?"). 

where the N by N matrix K represents equation (B.4) as appropriate for each node, 

the vector E" represents the release of potassium at each node, and the vector R"-

represents the pottissium ufrtake by the Na^/K"*" pmnp. 

Potassium release in skeletal muscle is approximately 9.4 f iEq per contraction. To 

determine the change in the potassium concentration at each node and segmental node 

around the active fiber, an estimate was made of each active fiber's weight based on 

the cross sectional area and the density (10~%g//im®). The area of the fiber cross 

section was determined from the photomicrograph with the volume determined by 

assuming a slice thickness of 1/im. All amounts of potassium are expressed for a slice 

with a thickness of 1/im. 



Assuming a physiologically maximal release rate of 8.5 mB]qkg"'min"' during 

moderate exercise, or 0.14 mEqkg~'s~\ the release rate of an active fiber with a 

cross sectional area of A is given by: 

Release = A. • 0.14 x 10"'''mEq s"'^ (B.5) 

The total K'^ released by an, active fiber was considered to be distributed uniformly 

across the immediately adjacent interstitial space. The corresponding volume of each 

node was determined by assuming dimensions for the interstit;ial space. Assuming a 

distance of 2.5 /im between adjacent fibers corresponding to an interstitial volume of 

~10%, the change in [K"' ] at each node Xi with si'/e Axi, the released K"** increased 

the [K"*"] at node i at a rate of: 

A . 0 14 

The rate of K'^ uptake by the Na+/K"^ pump Wfis dependent on interstitial [K''"] 

and intracellular [Na"*']. Although the intracellular [Na+] affects the rate of reuptake 

more than the interstitial [K"*"], the increase of [Na+] inside the cell is limited because 

the intracellular volume is much larger than the interstitial volume [48], In this 

simulation of the perfusion response to liber activation, the intracellular [Na+j was 

assumed to remain at a steady value. For low levels of intracellular [Na+J prior to fiber 

activation, Michaelis-Menten kinetics of K"^ uptake were assumed with a maximal rate 

of uptake of 550 /xEqKg"^rain~'^ and a half-maximal reuptake at an interstitial [K"*"] 

of 3.8 niM [16]. For an interstitial volume fraction of 9.6%, the maximal rate of 

reuptake corresponds to a rate of change of 0.09 inMs"' in the interstitial space. 

The Na"*'/K'^' pump was assumed to be prt^sent and active in all fibers. 

At a resting interstitial [K"*"] of 3.9 mM, a basal reuptake rate of 0.046 mMs~' 

was estimated from the experimentally determined kinetics. The equation for the net 

rate of K '" uptake was determined by subtracting the basal rate of reuptake from the 

total rate of reuptake. The amount of K"'" removed from each interstitial node was 
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determined from the interstitial [K"*"]: 

Ri = 0.09 . 0.046 mMs-l (B.7) 
\.hi + 3.8j 

The maximum interstitial (K"*"] at all nodes within 6 fJ-m of an arteriole or the 

mean, interstitial [K"*"] at all nodes within 6 //,m of the capillaries of a single MVU 

were evaluated every 20 ms to determine if the criterion for triggering MVU perfusion 

according to the arteriolar response or conducted response nieclianisms was satisfied. 

When an MVU was perfused, all nodes within a 2 fim radius of the. center of a 

perfused capillary were set at a fixed [K"*"] equal to the plasma fK"*"] of 3.9 mM. When 

a steady-state solution was found, the corresponding distribution of tissue PO2 was 

calculated using equation (3.3). 
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