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ABSTRACT 

It has been deduced from indirect evidence that 

significant adjustments of vascular resistance take place in the 

v en 0 usn e t lV' 0 r kwh e n b I 00 d flo vi c han g e sin a 0 r g an. I nth e 

following experiments, we attempted to test the hypotheses that 

changes in post capillary resistance in skeletal muscle may be 

due to changes in venous diameter, changes in the number of 

venules with blood flow, and/or changes in the apparent 

viscosity of blood in venules. The hypotheses were tested by 

observing the response of cat sartorius muscle venules (7-200 pm 

diametcir) during arterial pressure reduction ~nd muscle 

contraction. There was no observable change in venular diameter 

during any of the above perturbations. There was a significant 

decrease in the already low nor'malized velocity of blood in 

venules from a mean of 13 sec- 1 under control conditions to 5 

sec- 1 during arterial pressure reduction to 20 mm Hg. At very 

low pressures, the number of venules with blood flow decreased. 

Combining our findings Hith Lipowsky's (1975) in vivo viscometry 

data, it was predicted that resistance in venules Hould increase 

100% as a result of increases in blood viscosity when blood flow 

was reduced 60%. During post-contraction hyperemia the 

normalized velocity of blood in venules increased from 16 sec-1 

to 38 sec-1 and the number of venules with blood flow increased 

a modest amount. Combining our observations Hith Lipowsky's 

xi 
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data, we predict that venular resistance would fall 54% when 

blood flow increased 250%. 

If shear rate changes cause substantial changes in blood 

viscosity in venules as suggested by the finding~ cited above, 

hydrostatic pressure in the small venules should tend to remain 

relatively constant as flow is altered. To determine whether 

this is the case, pressures of venules were measured using the 

servo-null technique during arterial pressure reduction. 

Pressures in the larger venules were a linear function of blood 

pressure and blood flow with an intercept not significantly 

different from the systemic venous pressure. Pressures in the 

smallest venules studied (24 )lm), hO"lever, were somewhat 

insensitive to alterations in blood pressure (intercept of 10.4 

mm Hg) and blood flow (intercept of 13.2 mm Hg). The stability 

of pressure in 40 venules supports the hypothesis that variable 

blood viscosity maintains the pressure drop in the venous 

network and the capillary hydrostatic pressure somewhat constant 

during changes in blood flow. 



CHAPTER 1 

HISTORICAL REVIEW 

The peripheral circulation carries out a variety of 

functions that maintain homeostasis. Among these are delivery 

of nutrients to the tissue, removal of waste products, 

maintenance of normal tissue fluid volume, bulk transfer between 

organs, and facilitation of the processes of food absorption and 

waste excretion in specialized organs. Regulation of the 

peripheral circulation involves a variety of central and local 

control mechanisms that serve to maintain local tissue 

homeostasis. 

A quote from Folkow and Mellander (1964) describes the 

many eleoents of this complicated system. "The cardiovascular 

system has many facets, each of which may spellbind an 

investigator. Thus, to a cardiologist it consists of the HEART, 

to which there happens to be connected a series of tubes, 

justified mainly because it allows the output to return to the 

heart. To the expert on the peripheral circulation it consists 

of a fascinating system of tubes for flow studies, wherein 

incidentally, the pressure head is said to have something to do 

with the heart. Again, to the investigator who is biophysically 

minded it is an inexhaustible source for the creation of 

stunning formulae of profound beauty and doubtful applicability. 
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Lastly, to the expert on capillaries it is a vast and delicate 

exchange membrane, which unfortunately has to be connected to 

other, far duller cardiovascular sections for providing the flow 

needed to put the all important exchange into action. The only 

common denominator of these superspecialists would probably be 

their raised eyebrows if someone dared to suggest that the veins 

might be important, too." 

Perhaps this condescending view of veins exists because 

the function and control of the venous system have been studied 

relatively little and understood even less. Veins have too 

often been considered necessary but certainly dull draining 

pipes, deserving attention main~y as suitabl~ places for taking 

samples or for giving drugs. 

In recent years, intensive research on the veins has 

removed the limit~d conceptions of the past. Veins are no 

longer considered mere tubes but are now viewed as important 

capacitance vessels--of importance in the displacement of blood 

within the cardiovascular system--and resistance vessels--of 

importance in the regulation of intravascular/extravascular 

volume--with an intregal role in the circulatory system. 

A complete understanding of the functional importance of 

. he venous system requires an understanding of the peripheral 

circulation as a whole. To enunciate the role of the venous 

system I will review the main functions of the other series 

coupled sections, the arteries and capillaries and also factors 

involved in vascular tone and blood rheology. Incorporated Vlith 
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this there will be a review of the venous system. Emphasis will 

be placed on skeletal muscle since I studied this particular 

vascular bed. 

Microvascular Architecture 

To understand peripheral circulatory function and the 

role of the venous network in maintaining homeostasis a thorough 

description of vascular architecture is necessary. Quantitative 

data on this matter, hOH'ever', are limited. Hall's exhaustive 

study (1887) of injected and fixed int.estinal vasculature 

provided data on vessel diameter, branching order, and densi ty 

for each succesive branching order of the vascular network in 

the fixed preparation. This study is one of the most 

comprehensive performed on any vascular b~d using fixed tissue 

(see Table 1). 

K!"ogh (1919a, 1919b) systematically studied capillary 

beds in organs of various animals (horse, frog, and cat) and 

rep 0 r ted t hat cap i 11 a r i e sin s t ria ted m usc 1 e tv ere a r ran g e din 

regular patterns. Krogh suggested that the tissue could be 

divided into a parallel array of cylinders where oxygen tvas 

exchanged betVTeen capillary and tissue. Capillaries of equal 

diameters were evenly spaced and surrounded by tissue cylinders. 

Under normal conditions there would be no oxygen exchange 

between adjacent cylinders. 

Comparing warm-blooded and cold-blooded animals Krogh 

found the number of capillaries in a tissue to be a function of 
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the level of tissue metabolism. Krogh also showed that the 

number of capillaries with flow increased as tissue metabolism 

increased. Tetanic stimulation produced a large increase in the 

number of capillaries with blood flow in frog sartorius muscle 

(85 capillaries/mm2 of tissue at rest versus 305 caPillaries/mm2 

of tissue when stimulated). The large increase in the number of 

capillaries with flow during contraction may be an over-estimate 

because the India Ink which Krogh injected is not distributed 

well at low flows. As pointed out by Honig, Odoroff, and 

Frierson, (1980) the India Ink may have formed aggregates under 

resting conditions which would not be present during the higher 

flows found with stimulation. 

Recently, investigators have tried to presen~ a 

quantitative picture of the vascular tree in different beds. 

Hiedeman (1967) studied the bat wing microcirculation .in vivo, 

including measurement of vessel diameter, length, branching 

patterns, and number of vessels at each level of the vascular 

net tv 0 r k (s e eTa b 1 e 1) • vi i e d e man's des c rip t ion 0 f the 

circulation from the large vessels that deliver blood to the 

large vessels that drain the blood was as follows: "From the 

large artery to the level of the terminal arteriole, each 

arterial vessel has an accompanying vein. A major artery gives 

rise to numerous smaller arteries that have a diameter about 

one-half that of the parent vessel and which branch off at right 

angles. These right angle branches occur at irregular intervals 

along the length of the artery, which actually terminates by 
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forming an arterial anastoDosis o!.arcade with another artery of 

the same category that lies parallel some distance atvay. The 

branches, called small arteries, are approximately one-fifth the 

length of their parent vessel but give rise to a relatively 

large number of arterioles with a small diameter-actually about 

one-third that of the small artery. The arterioles continue to 

become terminal arterioles, from which the capillaries take 

their origin. Post capillary venules are formed as capillaries 

begin to converge. They are almost twice as large in diameter 

as the capillaries, and coalesce to form venules which are about 

three times bigger in diameter than the arterioles which they 

accompany. Venules join to form twice as many small veins as 

there are small arteries and have a diameter three times as 

large as the arterioles. Small veins are also three times 

larger in diameter than small arteries." 

Schmid-Schoenbein (1976) combined the data of NaIl 

(1887) and Wiedeman (1962, 1963) to construct a table on the 

architecture and geometry of an arbitrary vascular bed (Table 

1). The data suggest that the total cross-sectional area in the 

vascular tree increased linearly from artery to capillary. 

There was a marked increase at the level of post capillary venule 

with a further increase at the level of the venule. The venous 

vessels, may in fact, contain 80% of the total blood volume in 

peripheral vascular beds. 
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Table 1. Architecture and geometry of an arbitrary vascular bed. 

Diameter 
1..Y.P..§. of Vessel..lmml Number 

Aorta 10 

Large 3 40 
Arteries 

t·1ain 600 
Artery 
Branches 

Terminal 0.6 1800 
Branches 

Small 0.019 4*107 
Al'te'ries 

Arterioles 0.007 4"10 8 

Capillaries 0.0037 1.8*109 

Post capillary 0.0073 5.8*109 
Venules 

Venules 0.021 1.2;~109 

Small 0.037 8'·107 
Veins 

Hain 2.4 600 
Venous 
Branches 

Large 6.0 40 
Veins 

Vena 12.5 
Gava 

Total Cross-
sectional 

0.8"10 2 

3*102 

5;:10 2 

5~: 1 02 

1. P 1 04 

1.5"104 
I 

1.8;'104 

2.5;.10 5 

3.7;<105 

8"10 4 

2.7*103 

1.1*103 

1.2*102 

Length 
i.mml 

4·jQ 02 

2<:10 2 

102 

10 

3.5 

0.9 

0.2 

0.2 

0.1 

3.4 

102 

2':~ 1 02 

4"10 2 

Fraction 
Of Total 

Volume 
1.U 

2.0 

4.0 

3.4 

1.7 

2.7 

1.0 

0.3 

3.6 

25.6 

18.6 

18.6 

15.2 

3.4 
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One of the earliest reports of the vascular architecture 

in skeletal muscle was presented by Spalteholz in 1888. 

Spalteholz reported that vessels in horse leg muscles followed a 

simple and uniform pattern. Arterioles always ran perpendicular 

to the muscle fibers, and capillaries always discharged 

regularly and exclusively into the nearest venule. Smaje, 

Zweifach, and Intaglietta (1970) found that the anatomical 

details of the rat cremaster muscle microcirculation were not as 

uniform as described by Spalteholz. Smaje found that the 

smallest arteries and veins were distributed in a manner which 

had little relationship to the direction of the muscle fibers. 

They also reported that arteries and veins ran as paired 

structures only down to the third or fourth division. 

Smaje's work (1970) will be discussed below.) 

(Nuch of 

Studies on the architecture of cat skeletal muscle were 

performed by Eriksson and Nyrhage (1972), Eriksson and Lisander 

(1972), and Nyrhage and Eriksson (1980). They measured lengths 

and diameters of different vascular segments of the cat 

tenuissimus muscle. They found that the average internal 

diameter of the feeding artery was 110 )lill and the vein Has 165 

)lm. These vessels were connected to a 72 )lm central artery and 

a 89 ~m central vein which ran parallel to the m~scle fibers. 

22 )lID transverse arterioles and 40 ~ID venules branched off from 

the central vessels at 45-90 degree angles and ran transversely 

or diagonally to the muscle fibers. Average distance betHeen 

tHo transverse arterioles was 650 )lID. The distance between two 
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transverse venules was 540 pm. A transverse arteriole had an 

average of 11 branches while the venule had 14 branches. 

Consecutive arteriolar branches divided in an almost dichotomous 

pattern. Transverse venules divided like the alternating 

branches of a fir tree. 

(A critical analysis of the studies on skeletal muscle 

archi tecture was given by Hammersen (1968a, 1968b) and Nyrhage 

and Eriksson (1980).) 

In striated muscle the capillaries are long straight 

vessels which run in-betHeen and paraliel with muscle fibers. 

Capillaries begin at the point arterioles divide for the last 

time and end where they join 6ther capillaries to form small 

venules or empty direc~ly into significantly larger venules, 

usually at right angles. Plyley, Sutherland, and Groom (1976) 

and Eriksson and Hyrhage (1972) measured a mean capillary length 

of 1015-1060 pm in cat tenuissimus muscle. Rat cremaster muscle 

had a capillary length of 615 }.lm (Smaj e et al., 1970). 

It is interesting to note that capillaries of skeletal 

muscle show considerable variation in diameter along their 

length. In rat cremaster the diameter increased from 5.5 }.lm at 

the arterial end to 6.1 pm at the venous end (Smaje et al., 

1970). In rat extensor hallicus proprius, capillary diameter 

inc rea sed fro m 4. 0 to 5. 5 pm (~1 Y r hag e and H u d 1 i c k a, 1 97 6 ), and 

in cat tenuissim~s from 4.7 to 5.9 }.lm (Eriksson and Myrhage, 

1972) • 
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According to Hammersen (1968a, 1968b) the number of 

capillaries (capillary density) in a fixed tissue was 281/mm2. 

This value was taken from a cat sartorius muscle which was 

filled lvith colored gelatin and then fixed. Capillary densities 

reported in other muscles and other species range from 219/mm2 

in rabbit gracilis muscle to 5900/mm2 in dog semimembranosus 

muscle (Plyley and Groom, 1975). 

The density of flowing capillaries reported in muscle 

range from 27/mm 2 (Henrich and Hecke, 1978) and 240/mm 2 (Honig, 

Friersson, and Patterson, 1970) in rat gracilis muscle to 

384/mm2 in hamster cremaster muscle (Klitzman, 1979). 

In summary, the fact that the venous vessels contain 70-

80% of the total blood volume in peripheral beds suggests that 

the venous network plays a predominant role in controlling the 

return of blood to the heart and modulating the filling pressure 

of the right atrium. 

Microvascular Pressures In Skeletal Muscle 

As will be discussed below, venous resistance influences 

capillary hydrostatic pressure and the venous pressure gradient. 

In order to understand this role of the venous nettlork in 

maintaining cardiovascular homeostasis we must examine the 

microvascular pressure distribution under control conditions. 

Several investigators have examined the microvascular 

pressure distribution in skeletal muscle using glass 

micropipettes connected with the servo-nulling pressure-pump 
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system developed by Wiederhielm et al. (1964, 1973) and modified 

by Intaglietta, Pat-lula, and Tompi<:ins (1970). Smaje et al. 

(1970) measured pressures in the microcirculation of rat 

cremaster muscle and found that the mean pressure decreased from 

25.2 mm Hg in second order arterioles to 21.5 mm Hg in 

precapillary arterioles (9.5 ).lm). Hean pressure decreased from 

11.1 mm Hg in primary venules (9.3 J,lm) to 6.7 mm Hg in the 

second order venules (52.6 }lm). 

Bohlen, Gore, and Hutchins (1977) measured pressures in 

the microcirculation of rat cremaster muscle. The mean systemic 

pressure was 88.5 mm Hg in these preparations. They found that 

pressure fell from 38 mm Hg in 90 ).lm arterioles to to 27 mm Hg 

in 50 }l~ arterioles. The pressure in the capillaries was 23 mm 

Hg. The pressure then fell from 14 mm Hg in 10}lm venules to 9 

mm Hg in 140 )lm venules. 

Microvascular pressure measur~ments in cat tenuissimus 

muscle by Fronek and Zweifach (1975, 1977) suggest that 

pressures in this muscle are somewhat higher than in cremaster 

muscle. They found that pressures in the central artery of 

tenuissimus muscle (70-100 ~m) were within 90-95% of systemic 

blood pressure. Transverse arterioles (20-70 MID) had a pressure 

of 70% of systemic pressure. The pressure drop across the 

capillaries was approximately 15% of systemic pressure. Blood 

pressure in collecting venules (10-12 ).lm) was 24 mm Hg and 

probably reflected closely (Hithin 2-3 mm Hg) the hydrostatiC 



capillary pressure at the venous end. 
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Venular pressure fell to 

8-14 mm Hg in the central vein (140 pm diameter). 

These studies indicate that the capillary pressure in 

skeletal muscle ranges from 15 to 27 mm Hg under control 

conditions while the veuous pres~ure drop ranges from 12 to 22 

mm Hg. The question we will attempt to answer is, does the 

venous network playa role in maintaining the venous pressure 

drop and capillary hydrostatic pressure somewhat constant during 

changes in blood flow? 

Control Of Arterial Vessels 

Changes in blood flow greatly influence the venous 

network and its role in providing circulatory homeostasis. 

Therefore, to understand the venous network a through 

description of the arterial network and its role in controlling 

blood flow is necessary. 

Control of arterial vessels is principally through local 

mechanisms that function independently of central controls. 

Local regulation of the arterial circulation is manif~st in a 

variety of ways: three of the most notable are the vasodilation 

following a period of circulatory arrest (reactive hyperemia), 

the vasodilation that occurs during a period of reduced arterial 

pressure (autoregulation), and the vasodilation that accompanies 

increases in tissue activity (functional hyperemia). These 

three phenomena are related and the causal mechanisms are often 

considered to be similar. 
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One of the means by which local regulation of the 

arterial circulation is manifest is reactive hyperemia. One of 

the earliest descriptions of reactive hyperemia l~as presented by 

Roy and Brown (1880). They observed vasodilation and increased 

blood flow in frog toe web microcirculation following a period 

of flow occlusion. Hyperemia intensity increased with 

increasing ischemia duration and led Roy and Brown to conclude 

that hyperemia following flow stoppage led to either increases 

of vasodilator substances or decreases of vasoconstrictor 

substances in the tissue. 

Lewis and Grant (1925) studied the vascula~ response to 

arterial occlusion in the human forearm. Using visual judgeme~t 

of skin flush and volumetric measurements, Lewis and Grant 

reported that the intensity and duration of reactive hyperemia 

were dependent on occlusion time. They concluded that 

arteriolar caliber was controlled by flow which washed away 

vasodilator materials from the tissue and delivered nutrients. 

Linkage of vascular smooth muscle activity to flow through 

effects of the latter on tissue metabolism is often referred to 

as metabolic regulation of vascular tone. 

An alternate explanation for reactive hyperemia was 

offered by Bayliss (1902). His work was carried out on the 

denervated kidney and dog hindlimb using the plethysmograph. 

These studies led Bayliss to conclude that the re~ctive 

hyperemia which was observed in these organs upon release of 

aortic occlusion vias the result of arteries relaxing in response 
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to a decrease in arterial pressure. As a result, arteries 

initially contained a larger volume when pressure was restored. 

He hypothesized that intrinsic properties of the smooth muscle 

in the arteries caused them to respond to a decrease in 

intravascular tension (decreased pressure) by relaxing and to 

increases in tension (increased pressure) by contranting. 

Linkage of vascular smooth muscle activity to intravascular 

pressure is often referred to as myogenic regulation of vascular 

tone. 

There are data to support both the myogenic and 

metabolic hypotheses in reactive hyperemia. Extensive studies 

aimed at determining the effects of occlusion duration on 

patterns of reactive hyperemia were published by Konradi and 

Levrnov (1970) and Johnson et al. (1976). Both studies used cat 

skeletal muscle preparations. Occlusion durations were varied 

fro~ 3 seconds to 120 seconds by Johnson and from 3 seconds to 4 

minutes by Konradi. Based on gross flow measurements the 

authors concluded that the high peak flow following short 

o c c 1 us ion s ( 7 0 % abo v e con t r 0 1 vI i tho c c 1 u s ion s 0 f 3 t 0 1 5 

seconds) was consistent with a myogenic mechanism. They 

believed that the myogenic mechanism was responsible since the 

time of flow stoppage (3 seconds) was probably not long enough 

to result in an appreciable accumulation of vasodilator 

metaboli tes. In contrast, the increasing duration of hyperemia 

with longer occlusions (increase from 70% to 280% above control 

flo was 0 c c 1 u s ion sin c rea sed fro m 1 5 t 0 1 2 0 sec 0 n d s ) \v a s 
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indicative of continual accumulation of vasodilator substances 

during the occlusion period. 

A second means by which local regulation of the 

circulation is manifest is autoregulation. Autoregulation is 

the tendency for blood flow to remain constant in the face of 

local changes in arterial pressure to the organ. Autoregulation 

is seen in virtually all organs and tissues of the body and is 

most pronounced in the brain and kidney, where flow is held 

constant in the arterial pressure range of 80-160 mOl Hg 

(Johnson, 1964a). It is also prominent in myocardiu~, 

intestine, liver, and skeletal muscle. 

The homeostatic role usually associated with 

autoregulation is maintenance of an adequate nutrient flow. 

Also important, though often overlooked, is the fact that any 

mechanism that maintains flow should also maintain oapillary 

pressure. Factors that determine capillary hydrostatic pressure 

are expressed in the follot-ling equation: Pc=Pv+F*.Rv where Pc, 

Pv, F, and Rv denote capillary pressure, venous pressure, blood 

flow, and venous resistance respectively. From this simple 

relationship it is apparent that blood flo~y autoregulation tends 

to maintain capillary pressure constant. 

One of the first reports of autoregulation was by Green 

et al. (1944). Green studied the isolated dog hindlimb 

preparation, consisting of the skin of the thigh and· the 

quadriceps, gastrocnemius, and soleus I!luscle. He found a 

sigmoid relationship between arterial perfusion pressure and 
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blood flow. Green also found that the rate of blood flow 1-2 

minutes after establishment of a lower arterial pressure was 

relatively greater than would have been predicted if arterial 

resistance had remained c~nstant. Green suggested that the 

sigmoid relationship between arterial pressure and blood flow 

was due to vasodilation induced locally by accumulation of 

metabolic products resulting from reduced flow at lower 

perfusion. pressures, but might also be due to a fall-in 

extravascular pressure. 

Another early study of autoregulation was by Folkow 

(1949) on the cat hindlimb and intestinal preparations. 

Arterial inflow pressure to the hindlimb was reduced by partial 

occlusion of the abdominal aorta. In all experiments a gradual 

vasodilation was evident from the slow flow increase that 

occurred during the course of maintained arterial obstruction. 

The vasodilator response increased with greater reduction in 

intravascular pressure, as well as duration of obstruction. 

Folkow suggested that the central nervous system was not 

responsible for the gradual vasodilation during arterial 

pressure reduction because denervation of the hindlimb and 

intestine did not abolish vascular reactions to variations in 

intravascular pressure. In addition, there was no indication 

that metabolic regulation of vascular tone was involved because 

blood flow was often higher during the period of partial 

occlusion which would prevent accumulation of carbon dioxide as 

well as reduction in oxygen tension. Folkow suggested, however, 
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t hat m yo g e n i c reg u 1 a t ion 0 f vas c u 1 art 0 n e ~v as res po n sib 1 e for 

blood flow autoregulation. 

Johnson (1964b) examined a variety of mechanisms 

po s sib 1 y res po n sib 1 e for aut o.r e g u 1 a t ion i nth e dog i n t est i n e • 

To test the metabolic mechanism, venous oxygen content was 

maintained constant during arterial perfusion pressure 

reduction. This was accomplished by allowing the animal to 

breath 60% oxygen. Johnson found that despite maintained venous 

oxygen levels, vascular resistance fell from 4.5 to 3.94 mm 

Hg/ml*min*100g as arterial pressure was reduced from 114 to 77 

mm Hg. He concluded that tissue oxygen levels did not playa 

key role in blood flow autoregulation in the intestine. 

To test the role of the myogenic mechanism in intestinal 

blood flow autoregulation, Johnson elevated venous pressure from 

5 to 23 mm Hg. Resistance increased about 80% indicating that a 

pressure sensitive mechanism was dominant and produced 

vasoconstriction. The metabolic mechanism was apparently not 

dominant in intestine because an increase in venous pressure 

decreased blood flo\v which should lead to an increase in 

vasodilator metabolite concentration and vasodilation. Johnson 

concluded that a myogenic regulation of vascular tone was 

probably responsible for blood flow autoregulation in isolated 

intestinal preparations. 

Jones and Berne (1965), on the other hand, examined the 

mechanisms possibly responsible for autoregulation in dog thigh 

muscles. A sustained 20 mm Hg increase in venous pressure from 
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5 to 25 mm Hg produced a transient decrease in blood flow due to 

a 25% increase in vascular resistance. This was followed by an 

autoregulatory adjustment of vessel caliber and a 10% decrease 

in resistance from control. Jones and Berne concluded that this 

response was not consistent with a myogenic mechanism for 

au toregula t ion of blood flo tv and s ugge s ted regula tion 0 f 

vascular resistance in skeletal muscle was based primarily on a 

metabolic mechanism. 

Guyton et ale (1964) studied the role of oxygen in local 

blood flow regulation. They found in studies on dog hindlimb 

that skeletal muscle vascular resistance decreased 150% when 

arterial oxygen saturation was lowered from 100 to 30%. To 

study the direct effect of oxygen deficiency on small arteries, 

Guyton perfused isolated dog arteries ranging in diameter from 

0.5 to mm. Resistance fell 150% when blood oxygen saturation 

passing through the artery Has decreased from 100 to 30 mm Hg. 

From these experiments Guyton concluded that autoregulation in 

skeletal muscle was of metabolic origin and specifically, could 

be attributed to oxygen. 

The third means by Hhich local regulation of the 

arterial circulation is manifest is the vasodilation that 

accompanies tissue activity. The increase in blood flot·; that 

accompanies tissue activity is known as functional hyperemia. 

Kjellmer (1964) studied the effect of exercise of 

isolated cat calf muscles on vascular resistance and blood flow. 

He found that exercise (4 twitches/sec) decreased vascular 
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resistance from 17.0 to 3.0 mm Hg*min~1~0. g/ml and increased 

blood flow from 5 to 40 ml/min*100 g. In addition, there was an 

increase in the c?pillary filtration coefficient (see section on 

Control of Capillary Fluid Transfer) from 0.012 at rest to 0.036 

ml/min*mm Hg*100 g. Kjellmer suggested that the increase in 

capillary filtration rate represented an increase in the number 

of capillaries with blood flow. 

Similar results were presented by Folkow and Halicka 

(1968) on red (cat soleus) muscle. At rw::t blood flow was 20 

ml/min*100 g and the capillary filtration coefficient was 0.020 

ml/min*mm HgU100 g. With maximum exercise (12 stimulations/sec) 

blood flow increased to 60 ml/ min * 1 OOg and the capillary 

filtration coefficient increased to·0.050 ml/min*mm Hg*100 g. 

Several explanations have been presented for the 

increased blood flow and capillary density during exercise. 

Kramel', Obaly, and Quensel (1939; cited by Barcroft, 1972) 

studied the effect of exercise on blood flow through isolated 

perfused dog gastrocnemius muscle. They found blood flow to be 

directly proportional to the muscle's rate of oxygen 

consumption. At 100% of maximum vlork O2 consumption Has 8.5 

ml/min and blood flow was 75 ml/min. At 50% of maximum work 02 

consumption VIas 4.5 ml/min and blood flow was 50 ml/min. At 

rest the 02 consumption was 0.5 ml/min and blood flow was 5 

ml/min. 

Kramer and co-workers interpreted these results to mean 

that as exercise began there was an immediate demand for oxygen 
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which was evidenced by a reduction in the oxygen saturation of 

the venous blood flow effluent from 70% to 10%. The reduction 

in oxygen saturation produced a vasodilation which increased 

blood flow from 15 to 140 mIl min and increased venous oxygen 

saturation from 10% to 30%. 

Barcroft (1963 ~ 1972) also examined the hypothesis that 

exercise hyperemia was caused by anoxia of the vascular tree. 

Barcroft cited studies that showed similarities between active 

muscles wanting oxygen (functional hyperemia) and resting 

muscles wanting oxygen (reactive hyperemia). Dornhorst and 

Hhelan (1953; cited by Barcroft, 1963) recorded a peak flow of 

20 ml/min*100 g calf muscle after 2 minutes of ischemia and 

after 2 minutes ~f rhythmic exercise. Hilton (1953; cited by 

Barcroft, 1963) noted floH from cat gastrocnemius muscle after 

30 sec of ischemia was the same as after 30 sec of exercise. 

After ischemia, hOvlever, flow subsided more quickly. Barcroft 

concluded that the mechanisms by Hhich ischemia and exercise 

cause vasodilation were not really comparable, but the 

similarities suggested that the vasodilation during the 

beginning of exercise hyperemia probably involved vascular 

anoxia and that post-exercise hyperemia was mediated by 

metabolites diffusing from the muscle. 

Anrep and Saalfeld (1935), Horking on dog gastrocnemius 

muscle also concluded that functional hyperemia was due to 

vasodila tor metaboli tes. They suggested, however, that lack of 

oxygen was not involved. In their studies the muscle was 
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perfused with either the normal arterial supply or with venous 

blood. Venous blood collected from resting muscle had no 

vasodilator actions when it was re-perfused through the muscle. 

Venous blood collected during a rhythmic stimulation that 

produced marked hyperemia also had no vasodilator action when it 

was re-perfused through the muscle. Venous blood collected 

during stimulation when flow rate to the muscle was maintained 

at resting levels by screw clamps on the artery produced marked 

vasodilation when it tvas re-perfused. This so-called "active 

blood" retained its vasodilator actions after the blood was 

oxygenated and re-perfused. 

Another sUbstance which has been postulated to be 

involved in functional hyperemia is potassium. Kjellmer (1965) 

studying isolated cat calf muscles found that exercise (60% 

decrease in flow resistance) led to a 25-100% increase in 

potassium concentration in venous blood while the potassium 

concentration of arterial blood was not altered. 

Kjellmer found that potassium infusions (0.05 meq/rain 

intra-arterially) which increased the venous potassium 

concentration to the same levels as measured during exercise, 

produced vascular responses similar to those produced by 

exercise (100% increase in the capillary filtration coefficient 

and 40% decrease in flot" resistance). Because resistance fell 

40% when potassium was infused, versus 60% reduction in 

resistance tvith exercise, Kjellemr suggested that potassium ion 
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release during exercise probably accounted for 65% of functional 

hyperemia. 

More recently, Gorczynski, Klitzman, and Duling (1978) 

and Gorczynski and Duling (1978) studied the microcirculatory 

basis of functional hyperemia in the hamster cremaster muscle. 

These authors found that three discrete phases followed multiple 

muscle fiber stimulation: (1) a latent period, defined as the 

time interval between the onset of muscle stimulation and the 

first detectable diameter increase, of about 15 sec; (2) an 

early, often transient response, in which diameter either 

p 1 ate a u e d 0 r ret urn edt 0 con t r 0 1 d i arne t e r , t'li t ham a Yo: i rri u m 

d i a met e rob s e r v e d 3 0 sec aft e r s tim u 1 a't ion and a ill 0 U n tin g to a 

100% increase (from 5 to 10 ].lm a.t 4 Hz); (3) a SlOH increase in 

diameter, Hhich attained a steady state in BO-100 sec, with peak 

diameters 159% and 5B% above control diameters at stimulation 

rates of 4 Hz for 5.7 pm and 20.0 }.tm vessels respectively. 

Following cessation of contraction the arterioles rapidly 

returned to control diameter in a monophasic fashion. 

Twitch contractions also led to an increase in the 

number of capillaries receiving blood. A stimulation rate of 1 

Hz produced a 34% increase, 2 Hz produced an increase of 51%, 

and 4 Hz produced a 98% increase in the number of capillaries 

with blood flow. The authors concluded control of capillary 

blood flow resided in the ,small terminal arterioles (diameters 

less than 6 ).1u). 
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In order to study the possible role of tissue oxygen in 

these responses the authors measured tissue and periarteriolar 

p0 2 with oxygen microelectrodes. They found that periarteriolar 

p02 remained constant at 15 mm Hg during muscular contractions 

which dilated the arterioles by 200% (from 10 to 30 pm). Tissue 

oxygen tension measured beneath the upper layer of muscles at a 

point equidistant from the capillaries and in the center of the 

s tim ul ate d g r 0 u p 0 f fib e r s , h 0 toT eve r , did dec line during 

contraction wi th p~ogressively IOvler p0 2 observed at 1,2,4, anc-

8 Hz. Tissue p02 decreased 70% (from 10 to 3 mm Hg) at 4 Hz 

while diameter increased 100% (from 10 to 20 pm). 

Next, changes - in tissue p02 were compared with 

arteriolar diameter changes. The latency of arteriolar dilation 

following stimulation was shorter (7 sec) than the latency of 

tissue p02 decline (20 sec). In addition, the onset of 

arteriolar recovery (50 sec) occured before the onset of tissue 

p02 recovery (100 sec). 

The authors concluded that muscle contraotions could 

produce substantial arteriolar vasodilation without altering the 

periarteriolar p02. The dilation, therefore, probably was not 

due to a direct effect of oxygen on vascular smooth muscle (see 

The Hetabolic Concept). 

Tissue P02 declined during the excitation period and the 

magnitude of decline was graded with both contraction frequency 

and vasodilation observed. This observation led the authors to 

suggest that dilation during exercise was the secondary result 
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of decreases in cellular p02' presumably related to the release 

of a vasodilator sUbstance. The early phase of dilation that 

preceded the drop in tissue p02 reflected formation or release 

of vasodilators. The late phase of functional dilation was 

related to decreases in tissue p02 and partially to a vasoactive 

agent produced in inverse proportion to tissue p02. 

In summary, data were obtained to support both the 

myogenic and metabolic mechanisms as causal factors in reactive 

hyperemia and autoregulation. Studies have shown that the 

metabolic mechanism is probably involved in functional 

hyperemia. Although many questions about specific mechanisms 

remain unanswered, research supports the conclusion that 

arterial resistance is a variable which changes substantially 

during reactive hyperemia, autoregulation, and functional 

hyperemia. 

The Myogenic Concept 

The eXistence, as well as possible importance of the 

myogenic response of vascular smooth muscle, has been debated 

since it was first proposed by Bayliss in 1902. Two mechanisms 

have been proposed to underlie the myogenic response. The first 

explanation was presented by Folkow (1964). According to 

Folkow's hypothesis, passive stretch leads to an increase in the 

spontaneous firing rate of smooth muscle. When intravascular 

pressure of a vessel is elevated, passive stretch lengthens 

smooth muscle cells, depolarizing the cell membrane, increasing 
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spontaneous firing and hastening the onset of the next 

contraction. When the smooth muscle cell contracts and shortens 

the stimulus for depolarization and contraction is lost and the 

muscle relaxes. As the muscle begins to relax, the elevated 

pressure will again stretch the smooth muscle beyond its normal 

length producing a second contraction earliSr than it would 

normally occur. Consequently, the smooth muscle cell fires more 

frequently and spends more time in the contracted state, thus 

reducing vessel diameter. 

A second hypothesis suggests that the smooth muscle cell 

behaves like a tension receptor (Johnson and Wayland, 1967; 

Johnson, 1974), rather than a length recep~or as implied in 

Folkow's hypothesis. According to B~lbring (1955) stretch of a 

guinea pig taenia coli strip causes membrane depolarization and 

increased spike activity. 

closely to tension but 

However, electrical changes correlate 

only distantly to length. This 

observation is very interesting when examined in light of the 

Laplace r'elationship where Tension=Pressure*Radius. This 

equation illustrates how circumferential tension in the vessel 

varies with intravascular pressure as well as vessel radiris. 

Uhen pressure is increased, t.ension will also increase. It is 

suggested that increased tension -leads to a myogenic 

contraction, reduction in radius and return of tension tOt-lards 

its initial level. 
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The Metabolic Concept 

T h 1" e e g e n era I s c hem e s 0 f b 1 00 d flo vi reg u I a t ion by 

metabolic changes can be envisaged. 1) Linkage between blood 

flow and metabolism may be through a vasodilator SUbstance 

continuously produced by normal metabolic processes. 2) The 

linkage may involve production of a vasodilator metabolite that 

is not ordinarily present. 3) Arterial blood may contain a 

vasoconstrictor SUbstance that is utilized by tissue at a rate 

that depends upon tissue metabolism. 

Two mechanisms that can be placed in the first category 

are changes in endogenous carbon dioxide, and changes in tissue 

osmolarity. Carbon dioxide is a normal product of oxidative 

metabolism and its tissue ' concentration varies 'with blood flo w, 

provided that oxidative metabolism is constant. For example, 

carbon dioxide levels in venous blood were elevated during the 

reactive hyperemia which followed a period of arterial occlusion 

in the human forearm (Kontos, 1971). Kontos showed that carbon 

dioxide had a vasodilator effect by having subjects inhale a 7% 

carbon dioxide mixture. Bicarbonate was administered 

intravenously to maintain arterial blood pH constant. A 36% 

decrease in vascular resistance was observed as carbon dioxide 

tension was increased from 37 to 49 mm Hg (arterial blood pH 

remained constant at 7.4). 

The second mechanism is changes in tissue osmolality. 

An increase in tissue metabolism or a decrease in blood flow 

increase tissue osmolality lvhich in turn can decrease vascular 
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to ne. This hypothesis is based on the observation that 

substances such as glucose, sucrose, and sodium lactate which 

are not intrinsically vasoactive do cause vasodilation when used 

to increase blood osmolality (Mellander and Lundvall, 1971). 

Mellander found, in both cat and man, that exercise increased 

tissue osmolality up to 35 mOsm/kg H2 0. (Osmolality of the 

venous effluent was measured to determine the increase in tissue 

osmolality.) This increased blood flow from less than 10 up to 

25 ml/min U 100g of tissue. Changes in vascular tone were 

believed to be accomplished by vascular smooth muscle cell 

volume changes which altered the ratio of internal to external 

potas~ium. It was also possible that swelling due to increased 

osmolality had caused a greater change in permeability to sodium 

than to potassium (Jonsson, 1971). 

Lactic acid is produced when flow is insufficient to 

meet metabolic demands and may be placed in the second category 

of vasodilator sUbstances which are not normally present. The 

pH of blood is usually held within narrow limits. by buffer 

substances and by a balance between tissue production and 

removal of acid substances. Increased amounts of lactic acid, 

however, are found in ischemic tissues and in exercising 

skeletal muscle. Increased lactic acid production may cause 

vasodilation through a change in pH. 

Scott et ale (1970) and Haddy and Scott (1971, 1975) 

found that moderate to severe exercise (flow increased from 173 

to 473 ml/min) or occlusion of the supply artery to the dog 



27 

whole hindlimb (flow increased from 173 to 404 ml/min) increased 

venous blood hydrogen ion concentration. This Has determined 

from the drop in femoral venous blood pH from 7.38 to 7.31 and 

7.28 respectively. 

Adenosine, even though it is normally present in tissue 

at very low levels, is another substance which has been placed 

in the second category. (Adenosine is formed by hydrolysis of 

AHP through the action of 5 f -nucleotidase.) Evidence from 

studies by Berne et ale (1971) shovred adenosine was present in 

normal well-oxygenated myocardiun when the heart was performing 

normal work. Myocardial adenosine concentration was 22 nmoles 

per 100 gram wet tissue (as measured in pericardial fluid). 

Berne reported that adenosine levels in myocardial interstitial 

fluid were 75 nrnoles per 100 ml of interstitial fluid after a 

coronary occlusion of 30-60 seconds in duration. (Only 56 

nmoles/100 rnl of arterial blood was needed to cause maximal 

coronary dilation.) It is postulated that the decrease. in 

tissue p0 2 that accompanies coronary occlusion led to reductions 

in intracellular ATP which released an inhibitory effect on 5'

nucleotidase and increased intracellular adenosine production. 

Adenosine was also found in skeletal muscle under 

control conditions. Berne et al. (1971) measured the adenosine 

levels in arterial and venous blood of dog hindlimb under 

resting conditions and found that the adenosine level in both 

arterial and venous effluent was 3.0 nmoles per 100 ml. The 

adenosine level measured in venous blood after a five minute 
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period of complete ischemia combined with nerve stimulation was 

12.0 nmoles per 100 m!. 

The mechansim by which adenosine leads to vasodilation 

is not known. It is well known, however, that adenosine 

relaxes vascular smooth muscle. One possible explanation is 

that adenosine exerts its effects via increases in cAMP. Cyclic 

AMP, the "second messenger" might mediate its effect by one of 

the following mechanisms: 1) stabilization of the plasma 

membrane; 2) acceleration of metabolic pathways for ATP 

production; 3) alteration in contractile protein per se; lj,) 

alteration i'n calcium permeability or calcium sequestration 

rate. A second possible explanation is that adenosine directly' 

inhibits calcium uptake and causes relaxation of smooth muscle 

cell contractile machinery and vasodilation. 

The third possible mechanism of metabolic blood flow 

control is a vasoconstrictor carried by the blood stream and 

consuQed in proportion to tissue metabolism. It has been 

proposed that oxygen is such a substance. Severeni in 1878 

(cited by Roy and Brown, 1880) was perhaps the first to study 

the microcirculation following application of oxygen. He found 

exposure of the guinea pig mesentery to oxygen caused arterioles 

to constrict whereas carbon dioxide caused dilation of 

arterioles. Based on these observations Severeni suggested that 

vascular tone was determined by the relative proportions of 

oxygen and carbon dioxide present in blood. 
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Hooker (1912) studied the effect of carbon dioxide and 

oxygen equilibrated perfusion solutions on whole frog 

prepara tions. He found tha t 100% oxygen caused a general 

increase in vascular tone, while pure carbon dioxide decreased 

vascular tone throughout the preparation. 

These early investigations indicated that oxygen caused 

vessels in the microcirculation to constrict. Such findings 

have raised questions concerning the vasoactive effects of 

oxygen and its site of action. One proposal is that oxygen acts 

directly on vascular smooth muscle to produce constriction. 

According to this hypothes"is, arterial hypoxia leads to 

relaxation of arterioles because smooth muscle meta~olism is 

compromised, causing a decrease in intracellular ATP levels. 

A second theory involves an indirect effect of oxygen on 

tissue metabolism. According to this theory, oxygen levels in 

parenchymal cells are important. If tissue oxygen levels are 

below the critical levels necessary to maintain aerobic 

glycolysis, vasodilator metabolites are produced by anaerobic 

glycolysis. This indirect effect of oxygen fits into the second 

scheme of blood flow regulation--a vasodilator not normally 

present. 

The mechanism by which oxygen influences vascular tone 

was examined by Duling and co-workers. Duling and Berne (1970, 

1971) and Duling (1972) measured tissue P02 using a Whalen type 

electrode (Whalen, Nair, and Garfield; 1973). In the hamster 

cheek pouch they found evidence of oxygen loss along arterioles. 
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Oxygen tension fell from 35 mm Hg in 80 pm arterioles to 20 mm 

Hg in terminal arterioles and to iO mm Hg in 5 ~m capillaries. 

Changing oxygen tension of the suffusion fluid over the 

hamster cheek pouch from 37 mm Hg to 149 mm Hg increased 

periarteriolar p0 2 from 22 to 63 mm Hg, and reduced arteriolar 

diameter more than 20%. Increasing the P02 of a suffusion 

solution from 11 mm Hg to 45 mm Hg caused a 13% decrease in 

arteriolar diameter even though tiosue p02 remained constant at 

11 mm Hg. 

Prewitt and Johnson (1976) noted that increasing p02 

(from 24 to 85 mm Hg) of the solution suffusing the rat 

cremaster muscle decreased arteriolar red cell velocity from 

2.36 to 0.69 mm/sec. They also found a 48% decrease in the 

number of capillaries with blood flow when suffusion solution 

p02 was increased from 38 to 97 mm Hg. The tissue p02 remained 

constant at 19 mm Hg as solution P02 was increased from 24 to 49 

mm Hg. Tissue p02 increased to 40 mm Hg when solution p0 2 was 

increased to 85 mm Hg. 

It is evident from ~hese studies that increasing 02 

delivery to a tissue leads to vasoconstriction and reduction of 

tissue blood flow. Decreasing the p02 of blood, on the other 

hand, leads to vascular relaxation and increases in tissue blood 

flow. These findings suggest that the vasculature responds in 

such a manner as to keep tissue p02 within a certain range. 

Duling (1974) and Duling and Pittman (1975) used the 

dirc0t microapplication of solutions of different p02 in an 
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attempt to determine whether oxygen had a direct effect on blood 

vessels. These experiments were carried out on the hamster 

cheek pouch. Localized increases in perivascular p0 2 to 186 

mm Hg (microapplication of 95% 02) reduced arteriolar diameter 

1.3 )lm. By contrast, elevation of suffusion solution p02 from 

10 to 150 mm Hg increased perivascular p02 by an average of 40 

mm Hg and reduced mean vascular diameter by 7 }.lm. Duling and 

co-workers concluded that vasoconstriction with elevation of 

suffusion solution p02 was not due to direct effects of oxygen 

on vascular smooth muscle, but rather, due to indirect effects 

through alterations in tissue metabolism. 

In summary, there· are a number of diverse mechanisms by 

which arteriolar resistance, organ blood flow, and capillary 

density may be regulated. It has been proposed that linkage of 

vascnlar smooth muscle activity to intravascular pressure 

(myogenic mechanism) is the means by which arteriolar resistance 

is controlled. A se cond pro posal is t ha t linkage 0 f vas cuI ar 

smooth muscle activity to blood flow through effects of the 

latter on tissue metabolism (metabolic mechanism) is the means 

by which arteriolar resistance is controlled. At this time, the 

substance or substances responsible for this linkage are a 

matter of continuing investigation. There is evidence, however, 

that implicates carbon dioxide, hydrogen ion, tissue osmolality, 

and adenosine. There is little evidence that a direct effect of 

oxygen on the blood vessels is important in local regulation. 
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Regardless of \vhat mechanisms are responsible for 

changes in arteriolar resistance, organ blood flow, and 

capillary density during arterial pressure reduction and 

exercise; the question which I hope to answer in this study is, 

how is the venous network affected by changes initiated on the 

arterial side? 

Literature Review Of The Veins 

Hilliam Harvey's classic book, De motu Cordis published 

in 1628, marks the beginning of our present knowledge of the 

role of the veins in the circulatory system. Harvey found ,that 

com p i" e s sin g the arm abo vet h eel bow ina nor m a I hum an sub j e C ,t 

caused nodes or swellirigs to appear. These nodes resulted from 

the presence of venous valves. Milking the vein downwards with 

a finger drew blood away from the node or valve and prevented 

blood from returning to the vein because of the complete 

obstacle provided by the valve. The portion of the vein between 

the swelling and the finger was no longer viSible, though the 

portion above the valve was fairly distended. Harvey's Hork 

demonstrated that venous valves were associated with one way 

flow of blood to the heart and dispelled Galen's concept that 

blood ebbed and flowed in veins. 

Over the next three centuries several studies dealing 

with the venous function appeared, but as Folkow and Nellander 

(1964) concluded these studies "were rare flowers on the 

enormous tree of cardiovascular research." In 1937, Franklin 
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published a monograph on veins that reviewed historical concepts 

and provided a comprehensive account of existing knowledge about 

veins and their behavior. Since that time, much has been 

learned about this complex part of the circulation and its roles 

as capacitance and resistance vessels; including the behavior of 

smooth muscle cells, the nerve supply and reflex control, and 

the action of local and humoral factors, in both normal and 

abnormal circumstances. Recently, a review by Shepherd and 

Vanhoutte (1975) has further explored the role of veins and 

their importance in the circulation. 

In placing the veins in their proper perspective within 

the circulatory system, it is important to remember that the 

principal function of the circulatory system is to maintain a 

favorable environment for cells of the body. Local changes in 

metabolism alter the caliber of the pre-capillary resistance 

vessels, and thus control blood supply to tissues in accordance 

with their metabolic needs. Along with changes in flow, the 

capillary surface area is actively or passively adjusted to 

provide for the appropriate interchange of substances between 

blood and extracellular fluid. Local alterations in blood flow 

may be accompanied by adjustments of the veins and by 

appropriate variations in the output of the heart. 

In order to understand the function of the venous 

system, one must be familiar with the morphology of the venous 

vI a 11 ( Ale x and e r , 1 9 6 3 ; A 1 t u r a , 1 9 7 8 ; Rho din, 1 9 8 0 ) • I 11 the 

general structural pattern, veins are composed of the same 
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elements as arteries, but with some major quantitative 

differences. Surrounding the endothelial lining of the lumen is 

a network of elastic and collagenous fibers which form a clearly 

defined intima only in larger veins; in smaller veins there is a 

poor differentiation of the intimal layer. Encircling the 

intimal fibers is the muscular media which remains essentially a 

layer of helically arranged smooth muscle fibers without any 

major contribution of elastic fibers. This media, laaking a 

heavy elastic investment, is a major structural difference 

between veins and arteries. In addition, the smooth muscle 

layer of the media is much thinner. Externally the vessel is 

surrounded by the ,meshwork of 'elastic and collagenous fibers 

constituting the adventitia. 

Rhodin (1968) used a combination of light microscopical 

and electron microscopical techniques to study the 

ultrastructure of subdermal venous microvessels in rabbit skin. 

Using luminal diameter as a criterion, Rhodin divided the venous 

microcirculatory bed into five sections. The first section, the 

venous capillaries had a diameter up to 8 ~m. The flattened 

endothelium was usually thin,' and occasionally displayed 

fenestrations. Occasional pericytes were observed. The ratio 

of luminal diameter to vascular wall thickness was 20:1. The 

second section, the postcapillary venules had a diameter of 8-30 

}lm. As the diameter increased these vessels shot'led a gradual 

increase in the number of pericytes and veil cells 

(fibroblasts). The ratio of luminal diameter to vascular wall 
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thickness was 10:1~ The third section, the collecting venules 

with a diameter of 30-50 pm were the smallest vessels to have a 

complete layer of pericytes and a complete layer of veil cells. 

In addition, occasional primitive smooth muscle cells were 

observed. The ratio of diameter to thickness was 30:1. The 

fourth section, the muscular venules had luminal diameters 

ranging betweeen 50-100 pm. The periendothelial cells were true 

smooth muscle cells and formed a continuous muscular media 

consisting of at least one layer of cells. With increasing 

diameter of these vessels, additional smooth muscle layers 

appeared in the media. Most smooth muscle cells were arranged 

in a helical fashion with a high pitch. These vessels also had 

some longitudinal and'circul~r smooth muscle cells in the vessel 

wall. The arrangement of smooth muscle cells in muscular veins 

was rather irregular. The ratio of luminal diameter to vascular 

wall thickness was 50:1. The fifth section, the small 

collecting veins had a diameter ranging from 100-300 pm. These 

vessels had a prominent media consisting of more than two smooth 

muscle layers. Also, an increasing number of collagen bundles 

between the smooth muscle cells and elastic membranes were now 

present. The ratio of luminal diameter to vIall thickness was 

1 00 : 1 • 

Veins larger than 100 pm contain the components 

collagen, elastin, and smooth muscle in varying amounts. Leg 

veins, for example, contain more smooth muscle than arm veins; 

in both the arm and leg, superficial veins contain more muscle 
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than deep veins. The quantity of smooth muscle is correlated 

with the hydrostatic pressure that vein walls are normally 

subjected to and is greater in the absence of supporting 

structures. 

As Harvey pointed out in 1628, a unique feature of the 

venous system is the presence of valves. Valves have been 

reported in most segments of' the venous system, although 

generalizations are difficult because of marked species 

variation (Alexander, 1963). In general, valves in the 

extremities have a high degree of competence. Venous valves in 

areas such as the thorax and abdomen, that are not confronted 

with severe hydrostatic strains, are usually more rudimentary 

and less competent. 

The functional contribution of venous valves is ffiulti

faceted. In the idealized circulatory system vlith continuous 

flow, valves reQain open. Hith intermittency of flolv, valves 

tend to close during the interval of flow cessation. Valves 

make their most important functional contribution when working 

in tandem with rhythmic muscular contractions, a phenomenon 

often referred to as "the muscle pump" (Barcroft and Dornhorst, 

1949). Valves are able to translate extramurally applied forces 

into blood flow. When muscles contract they COQpress the fluid 

filled vessel, local intravascular pressure will rise and tend 

to drive blood toward the capillary bed as well as toward the 

heart. Since resistance to retrograde flow is infinite as a 

result of the valves, and resistance to forward flow is low, the 
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II mil kin g act ion II of intermittent venous com pre s s i 0 II w i.ll 

effectively propel blood toward the heart. 

Although precapillary vessels alter their caliber in 

response to local metabolic changes, veins are little affected 

by such changes and are controlled predominately by sympathetic 

nerves (Donegan, 1921; Bevegard and Shepherd, 1965; Vanhoutte 

and Janssens, 1978; Altura, 1978). Venous tone is mainly 

determined by the catecholamines (circulating or liberated at 

adrenergic nerve endings) and by local mediators such as 

histamine and serotonin. 

Fuxe and Sedvall (1965) studied the distribution of 

adrenergic nerve fibers to blood vessels in skeletal muscle. 

Using the Falck technique (Falck, 1962) Fuxe and Sedvall found 

that blood vessels entering and leaving cat gastrocnemius muscle 

possessed very poor adrenergic innervation. Intramuscular 

arteries, arterioles, and metarterioles exhibited a rich supply 

of adrenergic innervation. Capillaries had no adrenergic 

innervation while intramuscular venous vessels had a very sparse 

innervation. Generally, no adrenergic fibers could be seen 

around intramuscular veins with inner diameters greater than 50 

um. In 20-40 pm venules single nerve bundles were observed 

around half the vessels. Bevan et a!. (1974) reported a 

personal communication from Devine which confirmed the findings 

of Fuxe and Sedvall that "sparse but significant innervation was 

found in venules 20-40 pm in diameter of the gracilis antiicus 

muscle of the rat." 
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Capacitance Role of the Veins 

The main physiological roles of the venous vessels are 

to provide the capacitance function of the vascular system and 

ensure an appropriate return of blood to the heart (Oberg, 1973; 

F 0 1 k 0 tv , 1 97 3 ; She p her dan d Van h 0 u t t e , 1 97 5 ; Rot he, 1 97 9 ; 

Vanhoutte, 1981). Veins can match, from moment to moment, the 

total capacity of the cardiovascular system to the circulating 

blood volume due to passive properties of the venous wall, as 

well as to active changes in the venous diameter resulting from 

the contraction or relaxation of venous smooth muscle. 

A dynamic control of venous capacitance was first shown 

in the classic experiment by Goltz in 1864. Goltz found that 

frog mesenteric veins dilated in response to tapping of the 

v e i ns. Sequestration of blood in these vessels was so 

pronounced that the heart became bloodless and circulation 

ceased. As long as the nerve supply to these vessels was 

intact, tone quickly returned to the veins, the heart filled, 

and circulation was restored. 

Clark (1933) was one of the first investigators to show 

that the veins could contain widely varying amounts of blood 

without large changes in pressure. Clark used the volume 

plethysmograph to measure the coefficient of elasticity 

(stress/strain=V*&)P/AV where V is volume and P is pressure) of 

dog arteries and veins. Clark found that the coefficient of 

elasticity (measured in dynes per sq cm) was 1.21 D l05 for dog 
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arteries and 0.15;' 1 05 for dog veins. These measurements ,.,rere 

made as pressure was elevated from 10 to 20 mm Hg. 

Clark demonstrated that increasing venous pressure in 

the human forearm from 20 to 30 mm Hg using a pressure cuff 

increased the venous coefficient of elasticity to 1.67 9 105 while 

it increased to 2.05i~105 as venous pressure was elevated 'Go 40 

mm Hg and 2.521 105 as venous pressure was elevated to 50 mm Hg. 

Alexander, Ed'vards, and Ankeney (1953) investigated 

venous distensibility and the possibility of substantial blood 

pooling in the dog splanchnic system associated with acute 

changes in portal venous pressure. (Alexander calculated the 

venous distensibility as AV/AP where V is volume and P is 

pressure. Guyton (1971) defines 4V/AP as vascular compliance 

and distensibility as AV / AP*V.) 

Alexander's first experiment was ~arried out on the 

intestinal circulation after cannulating the portal vein. He 

elevated the venous outflow tube to increase portal pressure 

from 0 to 30 Qrn of blood. The increase in pressure increased 

intestinal blood volume less than 15 cc as judged from the 

transient decrease in portal outflow. This pooling was less 

than 2 percent of the total blood volume of the animal. The 

intestinal venous distensibility wasnvt nearly as great as 

Alexander had expected. 

Alexander next used the surgically isolated intestinal 

loop preparation. He occluded arterial inflow and venous 

outflow and then rapidly injected blood into the large vein. 



40 

Rapid injection of 3 cc of blood quickly increased venous 

pressure from 0 to 50 cm of saline, after which there was a slow 

but progressive decline in pressure persisting for several 

minutes. The pressure stabilized at 15 cm of saline. This 

suggested that there was a slow change in the volume of the 

vascular bed following changes in venous pressure. 

In a subsequent study, Alexander again occluded arterial 

inflow and venous outflow to the isolated intestinal loop. 5 cc 

of blood was injected and withdrawn from the venous side at cc 

per second. The injection pressure curve differed markedly from 

the ~'1 i t h d r a ''1 alp res sur e cur v e • A 2 c c i n j e c t ion 0 f b 1 0 0 d ''1 a s 

required to increase the pressure in the veins to the 

physiologic pressure of 15 cm H20, upon withdrawl; however, 4.5 

cc of blood was necessary to achieve that pressure. 

These findings led Alexander to conclude that the 

splanchnic portion of the portal system exhibited two types of 

distensibility: a rapidly equilibrating component with 

properties expected of an elastic system; and a slowly 

equilibrating component. The slow component was quantitatively 

of greater importance and played a significant role in passive 

blood pooling. A slow change in the volume of the vascular bed 

following sudden changes in pressure is called "delayed 

compliance" (Roy, 1881). 

Delayed compliance could be due to at least three 

factors: 1) visco-elastic properties of the walls of blood 

vessels; 2) opening or closing of a fraction of peripheral 
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vessels (Burton, 1951); 3) or, a change in active tension 

developed by the vascular musculature. 

In two papers published in 1954 and one in 1956; 

Alexander again reported use of the innervated loop of intestine 

to obtain venous pressure-volume diagrams. The object of these 

papers was to investigate venomoter contribution to circulatory 

homeostasis. Alexander tested the effect of adrenalin, vagus 

stimulation, hypotension, hypoxia, and hypercapnia. Each of 

these perturbations led to a more pronounced sigmoid shape of 

the pressure-volume curve (see below) which indicated that the 

venous vessels had constricted. Alexander found that the 

pressure-volume curve of the maximally dilated vein was convex 

toward the volume axis. With venous constriction, the 

distensibli ty cur've \Olas transformed into a sigmoid form, 

initially showing a relatively rapid rise in pressure with 

initial volume increments, a drastically slower pressure rise in 

the intermediate volume range, and finally, a steep rise in 

pressure as volume was increased further. Contraction of the 

smooth muscle produced its greatest effect upon venous volume at 

low venous pressures, but had no influence at very high 

pressures when the venous wall was stretched to the point at 

which connective tissue was carrying the load. These findings 

suggested that reflex venoconstriction occurs in the venous bed 

and that the venoconstrictor system may play a significant role 

in cardiovascular regulation. 
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Duggan, Love, and Lyons (1953) studied reflex venomotor 

reactions in segments of hUman forearm veins, using clamps to 

temporarily isolate the veins from the rest of the circulation. 

Pressure changes within the venous segment indicated changes in 

venous tone. Stimuli such as inspiration against the resistance 

of pursed lips increased pressure between 4 and 24 mm Hg in the 

isolated venous segment. Immersion of the opposite hand in ice 

water increased pressure between 7 and 44 mm Hg. Breathing 5% 

carbon dioxide increased venous pressure between 7-52 mm Hg. 

Careful infiltration of the venous segment with 1% procaine (a 

local anesthetic) abolished the above reactions. This implied 

that reflex venomotor relaxation occurs in human subjects and 

efferent nerves mediating such reactions traverse the 

sympathetic nervous system. 

Bevegard and Shepherd (1965), in their work on the human 

forearm, extended and confirmed the above findings. Forear~ 

volume, measured by the strain plethysmograph, increased 4.6 

ml/ 100 ml \vhen venous pressure vIas increased from 0 to 16 fin 

Hg. The volume increase was reduced to 3.9 ml/100 ml during leg 

exercise. As exercise was increased (as measured by heart rate 

which increased from 60 to 160 beats/min) there was a linear 

decrease in forearm volume. Bevegard and Shepherd concluded that 

the reduction in forearm volume was the result of increases in 

venous tone graded in relation to the severity of exercise. 

Because the increase in venous tone was lost in a 
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sympathectomized arm, the venoconstriction appeared to involve a 

sympathetic reflex. 

The various studies cited above lead to the conclusion 

that the autonomic nervous system control of venomotor tone is 

important in modulating the capacity of the circulatory system 

to changes in blood volume, and in regulating cardiac output. 

Active venoconstriction maintains blood pressure and blood floiv 

in the presence of a 10Herect blood volume. Blood volume 

remaining constant, venoconstriction tends to augment venous 

return and cardiac output. 

Venous compliance (AV/ AP) was measured by several 

researchers (Alexander, 1954; Guyton, Armstrong, and Chipley, 

1956; Lutz, 1969; GOH, 1980). Johnson and Hanson in 1963 

studied the relationship betHeen venous pressure and blood 

volume in the isolated perfused dog intestinal preparation Hhich 

was continuously weighed (Johnson and Hanson, 1962). Following 

a venous pressure elevation of 12 mm Hg t\vO exponential 

processess were observed, a rapid weight increase of 3.5% over 

the first 10-30 seconds, and a secondary sloH weight increase of 

abo u t 3. 5 % 0 v e r the n ext 7 ru i nut e s. The rap i d vI e i g h tin c rea s e 

appeared to represent venous compliance, vlhile the SlO\'1 Height 

increase represented capillary fluid filtration. The latter was 

demonstrated by measuring the increase in venous protein 

concentration Hith pressure elevation and calculating the 

filtration Hhich Hould be necessary to produce the observed rise 

in protein concentration. 



Rapid blood volume changes were calculated by 

subtracting the slow phase (filtration), extrapolated back to 

the instant of the pressure increase, from the total volume 

change. Using these values, a compliance (toV/AP) of 0.34 g/100 

g mm Hg was obtained. This observation was consistent with the 

finding of Eckstein, .Hamilton, and McCammond (1958) that venous 

compliance in the hUman forearm was 0.2 mIl 100 ml "mm Hg. 

Forearm venous compliance was expected to be less due to the 

presence of bone in the forearm. Johnson and Hanson's 

calculation of venous compliance, however, was higher than the 

0.015 ml/100 ml mm Hg and 0.04 ml/100 ml mm Hg that Alexander 

(1954) calculated using data from the isolated dog intestine. 

This discrepancy could be due to the fact th~t according to 

Johnson and Hanson the rapid blood volume increase half time was 

7.5 sec and the time constant (time required for 63% of the 

change to occur) was 10.9 sec. Therefore, the rapid-injection 

technique (5 cc of blood injected at 1 cc per second) used by 

Alexander was too rapid for a steady state pressure-volume 

relationship to occur and venous compliance was underestimated. 

Data derived from plethysmography and the weight method 

do not reveal the behavior of particular venous segments. In 

addition, the quantitative interpretation of these measurements 

is complicated by simultaneous fluid filtration into the tissue. 

For these reasons Gaehtgens and Uekermanh (1971) performed 

microscopic studies to evaluate the distensibility 

characteristics of the small venules. 
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The experiments were carried out on exteriorized dog 

mesentery. Diameter of these vessels ranged from 22-120 ~Q at a 

venous pressure of 0 mm Hg. An unusual feature of this study 

was that arterial pressure was initially set at 0 mm Hg by 

occluding arterial inflow. Diameter increased 90% when venous 

pressure was increased to 30 mm Hg by elevating the venous 

outflow reservoir. At venous pressures above 30 mm Hg no 

further increase of venular diameter was detected. When venous 

pressure was set at 0 mm Hg and the arterial pressure was 

increased from 0 to 150 mm Hg, there was a 32% increase in 

venular diameter. Venular length increased 6.4% when arterial 

pressure increased. 

Venular volumes (calculated from diameter and length 

measurements) increased 260% with venous pressure elevation from 

o to 30 mm Hg. Above 30 mm Hg there was no further increase in 

volume. 

The reduction of distensibility seen in dog mesenteric 

venules at higher venous pressures is in agreement with 

observations from venous pressure-volume studies by Clark (1933) 

in the human forearm, Alexander (1954) and Lutz (1969) in the 

isolated intestinal vascular bed in situ, and by Johnson and 

Hanson (1963) in isolated intestinal loops. 

Comparison of diameter and volume data would seem to 

indicate that venous microvessels in the mesentery are somewhat 

more distensible than the total venous vascular system of the 

intestinal bed. In the experiment performed by Lutz a 32% volume 
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increase of the entire cat intestinal venous system was found 

upon elevation of venous pressure from 0-10 mmHg 

(compliance=0.206 ml/mm Hg 100 g tissue). Johnson and Hanson 

found elevation of venous pressure from 0-10 mm Hg increased 

volume approximately 50% (compliance=0.34 ml/mm Hg 100 g tissue) 

in the dog isolated intestine preparation. Gaehtgens' diameter 

data indicate a 100% increase of venous microvascular volume 

with the same pressure rise. Gaehtgens' experiments, however, 

were carried out at an arterial pressure of 0 mm Hg. 

correct Gaehtgens' initial venous volume to that found at a 

normal arterial pressure of 120 mm Hg, the increase of venous 

microvascular volume is 50% rather than 100% as the venous 

pressure is elevated from 0 to 10 mm Hg, the same value 

obtained by Johnson and Hans'on and not greatly different from 

Lu tz' s findings. The agreement of these· microscopic and whole 

organ values further suggests that the volume changes in the 

larger and smaller vessels of the venous capacitance network may 

be co mparable. 

In 1960 Hellander reported the first quantitative 

studies concerning the range of capacitance vessel control 

exercised by the sympathetic nervous system. Experiments were 

carried out on the cat hindquarters. 

recorded using the plethysmograph. 

Tissue volumes were 

The isotope dilution technique devised by Gray ~nd 

Sterling (1950), in which red cells Here tagged with Cr51, Has 

used to estimate blood volume. Cats weighing 3 kg had a 
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hindparts basal blood volume of 20 ml, or 2.5-3.0 ml of blood 

per 100 grams of tissue. This agreed with findings by 

Pappenheimer (1953) who used the hemoglobin method devised by 

Danielli in 1941, and with Shadle, Zukof, and Diana (1958) who 

used mean circulation time of red cells containing p32 and 

directly measured flow. 

Mellander studied changes in hindquarter volume with 

venous pressure changes and sympathetic nerve stimulation. 

Venous pressure elevation of 5 mm Hg increased volume, about 0.9 

ml in 10 seconds (an increase of 4.5% assuming hindquarter blood 

volume was 20 ml) due to venous distension. The rapid increase 

was followed by a slow continuous increase in hindquarter volume 

o f abo u to. 8 m I 0 v e r 70s e con d s ( inc rea s e 0 f 3 • 8 % ) to[ hie h 

Mellander showed was due to increased capillary hydrostatic 

pressure and a net fil tra tion. The latter was demonstrated by 

measuring the increase in venous protein concentration during 

pressure elevation. 

According to Mellander, sympathetic nerve stimulation at 

a rate of 2/sec decreased volume 4 ml over 30 seconds (a 

decrease of 20% assuming hindquarter blood volume was 20 ml) due 

to constriction of capacitance vessels. This rapid decrease was 

followed by a slow continuous reduction in volume amounting to 

about 0.5 ml over 90 seconds (an amount of tissue fluid volume 

equal to 3% of blood volume) due to fluid absorption. Fluid 

absorption was caused by a relatively more pronounced 



constriction of precapillary vessels than of postcapillary 

resistance vessels. These resistance changes apparently 

decreased capillary hydrostatic pressure. 

Rapid blood mobilization could be due to ei ther active 

or passive events. Active blood mobilization is due to 

contraction of smooth muscle in veins. Passive blood 

mobilization is due to decreases in venous transmural pressure 

which reduce venous diameter. Mellander found that 9 ml of 

blood was mobilized during maximum sympathetic stimulation of 

cat hindlimb. 2 ml of blood (7-10% of total blood volume) Has 

mo bili"zed due to passive events (0 b tained by occl usion of the 

abdominal aorta), while 7 ml of blood (25-35% of total blood 

.volume) was mobilized due to active events. In addition, 1 ml 

of tissue fluid ( 3 - 5 % of tot a Ib 1 0 0 d volume) 'tol a s lost by 

capillary reabsorption. These findings suggest that 35-50% of 

the blood volume, contained in the skin-muscle region, can be 

mobilized during vasoconstrictor fiber stimulation. 

Mechanisms that control the venous blood content play an 

important role in cardiovascular homeostasis. Therefore, not 

only active venoconstriction, but also the magnitude of passive 

blood mobilization will influence hoceostasis. Oberg (1967) 

quantitatively estimated the relationship between active and 

passive venous reactions at various transmural pressures. 

Experiments Vlere performed or; isolated segments from cat 

inferior caval vein. In the low pressure range (0-9 mm Hg) 

venous compliance ~'las high (0.2 ml increase in volume injected 
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at 1.2 ml/min produced a 8 mm Hg increase in pressure). 

However, Hhen pressures above 9 mm Hg \vere reached the venous 

compliance 'vas low (0.15 ml increase in volume at 1.2 ml/min 

produced a 52 mm Hg increase in pressure). Oberg suggested that 

this reflected a change in venous cross-section geometry from an 

elliptical (partial collapse) to a circular shape. The pressure 

dependent volume changes of veins in the lOH pressure range were 

accomplished mainly by changes of shape vrhile at higher 

pressures the vessel circumference increased. A minimal 

transmural pressure of 8-10 mm Hg was necessary to keep the 

veins Oberg studied fully circular. 

Oberg's next study focussed on blood floH and volume 

changes in a cat hindquarter preparation. The experimerits were 

conducted at various levels of large vein pressure during 

sympathetic nerve stimulation. Tissue volume decreased due to 

blood mobilization by 4.5 ml when venous outflow pressure was 

4.5 mm Hg, while it fell 3 ml when venous outflow pressure Has 

set at 16 mm Hg, and less than 2 ml Hhen venous outflow pressure 

was 22 mm Hg. Assuming the basal blood volume in the hind parts 

was 20 ml (Mellander, 1960), these changes represented 23%, 15%, 

and 10% of blood volume respectively. Since the passive 

mobilization of blood decreased from 0.22 ml/100 g at a venous 

transmural pressure of 4.5 mm Hg, to 0.033 ml/100 g at a venous 

transmural pressure of 22 mm Hg, Oberg suggested that the 

greater total blood mobilization at lOvler venous pressure, Has 

due to passive collapse of the veins Hhich occurs Hhen flow 
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falls (due to accompanyin~.arteriolar constriction) and 

transmural pressure in the veins decreases. 

The active component of blood mobilization from the 

veins was also effected by transmural pressure. At a venous 

pressure of 1 mm Hg active blood mobilization was 0.3 ml/100 g. 

Oberg suggested that at low venous pressures the relaxed smooth 

muscle cell was already somewhat shortened and could not 

constrict much further. As venous pressure increased from 5 to 

15 mm Hg active blood mobilization increased to 0.42 ml/100 g. 

This was the result of an increase in the resting length and a 

greater active vasoconstriction. As venous pressures increased 

fur-ther to 30 mm Hg, active blood mobilization fell to 0.3 

ml/100 g, presumably because the smooth muscle cell was on the 

descending limb of the length-tension diagram. 

Oberg's studies suggest that under control conditions 

the pressure at the capillary end of the venous cOQpartment is 

probably high enough to maintain the venules circular. In 

addition, the ability of the venous vessels to mobilize blood is 

influenced by both active and passive forces and both these 

elements must be considered in various cardiovascular 

homeostatic reflexes. 

Most of the studies on the capacitance role of the 

venous network reviewed thus far used heterogeneous tissue 

preparations, combining skin, muscle, and bone. Lesh and Rothe 

(1969) and Rothe (1979) studied the capacitance vessels in a 

homogeneous skeletal muscle preparation, the isolated dog 
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gracilis muscle. To quantitate changes in volume of the 

capacitance vessels by variations in smooth muscle active 

tension, the muscle was perfused with a servo pump at constant 

flow and large vein pressure was held constant. These tHO 

conditions should eliminate passive recoil of veins by holding 

transmural pressure constant as well as minimizing muscle weight 

changes due to transcapillary fluid shifts. 

Stimulation of the lumbar sympathetic chain at 10 

pulses/sec produced a maximal decrease of 0.3 ml/100 g or 12% of 

the vascular volume. The decrease in vascular volume was 

measured using the isotope dilution technique devised by Gray 

and Sterling (1950) in which red cells w~re tagged with er51. 

These"findings differed somewhat from those presented by 

Hellander and others using cat hindlimb vasculature. 

Mellander's studies suggested approximately 25-35% of vascular 

volume was rapidly expelled by active venoconstriction. 

Mellander's (1960) value of 2.5 ml/100 g tissue for the total 

vascular volume (Hhich agrees with Lesh and Rothe), and a 25-35% 

decrease in volume represented a decrease of 0.62-0.88 ml/100 g 

in tissue blood volume. Lesh and Rothe suggested that Mellander 

had measured larger active decreases in vascular volume because 

his preparation contained highly reactive capacitance vessels in 

skin. (Fuxe and Sedvall (1965) found few or no adrenergic 

fibers associated Hith veins more than 50 pm in diameter in the 

cat gastrocnemius muscle.) 
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Lesh and Rothe did sho,'1, however, that maximal 

sympathetic stimulation during constant-pressure perfusion of 

the muscle could mobilize approximately 40% of gracilis muscle 

vascular volume by a combination of all available mechanisms, 

both active and passive. This was similar to the 35-50% 

decrease in vascular volume obtained by Mellander (1960) and 

·Oberg (1967). 

In summary, the veins and venules contain 70-80% of the 

total blood volume in peripheral vascular beds. The venous 

vasculature undergoes large volume changes during changes in 

arterial and/or venous pressure. This is due in part to a high 

venous distensibility. Such alterations in blood content will 

obviously influence venous return, the filling of the heart, and 

cardiac output. Therefore, active and passive mechanisms 

controlling venous blood content are important to cardiovascular 

homeostasis. 

Resistance Role of the Veins 

A second important function of the venous vessels is to 

provide postcapillary resistance. The venous vessels contribute 

10-20% of the total flow resistance (Johnson and Hanson, 1962; 

Thulesius and Johnson, 1966; Uagle et a1., 1968; Fronek and 

Zweifach, 1974; Fronek and ZVleifach, 1975; Oberg et a1., 1975; 

Gore and Bohlen, 1975). Since the quantitative contribution of 

the postcapillary vessels is small, blood flow will be 

determined mainly by precapillary resistance. Capillary 
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hydrostatic pressure, hOlvever, depends on both precapillary and 

postcapillary resistance. 

Pappenheimer and Sota-Rivera (1948) were the first to 

measure venous resistance. They used the isogravimetric method 

on hindlimbs of cats and dogs. The isogravimetric procedure 

involved adjuSting venous pressure to obtain a constant weight 

of the hindlimb (measured on a balance) at a given arterial 

pressure. If the preparation showed no detectable weight change 

for 2-3 minutes the preparation was considered isogravimetric. 

Arterial pressure was reduced in steps of 15-20 mm Hg with the 

isogravimetric state being obtained at each level by elevating 

venous pressare. Isogr~vimetric capillary pressure was 

estimated by plott~ng the isogravimetric venous pressures as a 

function of flow and extrapolati.ng to zero flow. At a normal 

colloid osmotic pressure of the plasma proteins (25 mm Hg) mean 

capillary isogravimetric pressure was 23 mm Hg. 

Pappenheimer and So to-Rivera pointed out that when 

venous pressure was plotted against the corresponding floH, the 

slope represented the venous resistance of the preparation. 

They found that venous resistance in this preparation remained 

constant as arterial pressure and flow vlere reduced. As 

arterial pressure Has reduced from 110 to 70 mm Hg, flow fell 

from 40 to 10 cc/min. Venous resistance remained constant at 

0.2 mm Hg/cc'::min, but arterial resistance increased from 2 to 

4.8 mm Hg/cc(fmin. 
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Johnson and Hanson (1962) used the isogravimetric method 

on dog intestine to investigate the effect of arterial pressure 

on arterial and venous resistance. Contrary to Hhat 

Pappenheimer and Soto-Rivera found, Johnson and Hanson found 

that venous resistance increased as arterial pressure was 

reduced. (T~e mean isogravimetric capillary pressure in the 

intestine was 14.6 mm Hg~ This value was determined by stopping 

arterial inflow completely. At zero flow, pressure must be the 

same ~hroughout the vasculature. When a isogravimetric state 

was obtained the venous pressure was equal to the isogravimetric 

capillary pressure.) 

Venous resistance increased from 0.7 to 2.85 mm 

Hg/cc~'min"100 g tissue (an increase of 316%) as arterial 

pressure was reduced from 95-25 mm Hg. Arterial resistance 

typically decreased as arterial pressure was reduced (70% of the 

experiments showed autoregulation). As arterial pressure was 

reduced from 95 to 40 mm Hg, arterial resistance fell from 2.8 

to 2.2 mm Hg/cc*min~100 g. As arterial pressure was reduced 

from 40 to 25, arterial resistance increased from 2.2 to 2.6 mm 

Hg/cc;:min": 1 00 g. Venous resistance comprised, 12% of the total 

vascular resistance when arterial pressure Has 100 mm Hg but 

increased to 62% of the total resistance when arterial pressure 

t-las 16 mm Hg. 

Reductions in arterial pressure decrease venous pressure 

and may lead to a passive reduction in vessel caliber. In the 

isogravimetric procedure, hOllever, the large vein pressure was 
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elevated with each reduction in arterial pressure. In some 

instances Johnson and Hanson found that when arterial pressure 

was reduced from 120-90 mm Hg, it was not necessary to increase 

venous pressure to maintain the preparation isogravometric. 

Since flow fell and there was no passive venous collapse, venous 

resistance must have increased to maintain capillary pressure 

somewhat constant. 

The mechanism by which venous resistance increases with 

arterial pressure reduction was investigated by Hanson and 

Johnson (1962a). First, 500 ml of a 6% dextran solution was 

administered intravenously to the animal to reduce the 

hematocrit. The dextran solution had no effect on the increase 

in venous resistance as arterial pressure was decreased. This 

indicated that the hematocrit ratio, and shear dependent 

viscosity of blood did not play a significant role in 

determining the venous resistance in dog intestine. 

Next, several nerve blocking drugs were infused. 

Administration of 1) Phentolamine, an alpha adrenergic blocking 

agent (3 mg at 0.5 mg/ml); 2) Phenoxybenzamine, an alpha 

adrenergic blocking agent (1.7-3.4 mg at 0.16 mg/m!); and 3) 

Tetracaine, a local anesthetic (25 mg at 4 mg/m1), reduced or 

completely abolished the rise in venous resistance as arterial 

pressure was reduced. This was evidence that a nervous 

mechanism was involved in this response of the vasculature. In 

addition, chronic denervation of the intestinal loop abolished 

the venous resistance increase. It was concluded that the 
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venous resistance increase in dog intestine was dependent upon 

the viability of sympathetic fibers and that a local reflex, 

possibly activated by a reduction in large artery radius with 

lowered arterial pressure, caused venous vessels--most likely 

venules--to constrict. 

Fronek and Zweifach (1974) also investigated the effect 

of arterial pressure reduction on arterial and venous 

resistance. They measured pressures in venules of the isolated 

cat mesentery using the servonulling technique and 

simultaneously measured outflow in the intestinal loop. 

Combining these measurements they calculated pre- and 

post capillary res~stance. They found two different types of 

res po ns·e when ar terial· pre ssure t-l as re d uced fro ill 100 to 20m m 

Hg. In the first group precapillary resistance fell 57% from 

5.0 to 2.15 while the post capillary resistance increased 60% 

from 1.35 to 2.16 cm H2 0/ ml*min*100 g. In the second group 

precapillary resistance increased 40% from 4.4 to 6.14 while the 

post capillary resistance increased 231% from 1.46 to 4.83 cm 

H20/ml*minH100 g. The pre- to postcapillary resistance ratio 

was the same in each group before pressure reduction, 3.78 for 

group 1 and 3.23 for group 2, and after pressure Has reduced to 

20 mm Hg, 1.34 for group· 1 and 1.29 for group 2. Fronek and 

ZHeifach concluded that the adjustment present in group 1 was 

the result of the metabolic or myogenic mechanisms of floH 

autoregulation. In the second group· there \·las no 

autoregulation. The pre- to post capillary resistance ratio 
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rem a i ned con s tan t , h 0 tv eve r , due t 0 inc rea s e sin the v e no U s 

resistance. Fronek and Zweifach could not decide what was 

responsible for the larger increase in venous resistance in the 

latter group. Because the venular pressures were actually 

higher in the nonautoregulating group, they concluded that 

increases in venous resistance were not due to passive collapse 

of the veins. 

Hanson and Johnson (1962b) used the isogravimetric 

method to investigate venous resistance changes with decreases 

in arterial perfusion pressure in the dog whole hindlimb 

including skin, bone, and muscle. They found that the venous 

resistance remained relatively constant at 2-3 mm Hg/mlfiminH100 

g as the arterial pressure was reduced from 104 to 69 mm Hg. 

This was similar to the results of Pappenheimer and Soto-Rivera 

(1948) obtained from cat and dog hindlimb. 

In further studies, Thulesius and Johnson (1966) studied 

an isolated muscle preparation of the dog hindlimb. The 

experimental design was similar to that used in the isolated 

intestine and the whole hindlimb experiments. Thulesius and 

Johnson found that venous resistance in the muscle increased 

from 1.5 to 5.5 mm Hg/ml*min*100 g (increase of 260%) as the 

arterial pressure was reduced from 110 to 30 mm Hg. 

In order to determine the cause of venous resistance 

increases in hindlimb muscles, experiments related to those 

carried out on the intestine were performed by Thulesius and 

Johnson (1966). Nerve blocking agents and chronic denervation 
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had no significant effect on the venous resistance increases. 

However, decreasing the hematocrit from 47% to 28% by 

intravenous infusion of low molecular weight dextran (500 ml of 

a 10% solution in physiological saline) significantly reduced 

the venous resistance increase. They concluded that reduction 

of the hematocrit reduced the shear dependence of blood 

viscosity, probably in the venous network. 

Oberg et ale (1975) also used the isogravimetric method 

to study the effect of arterial pressure reduction on pre- and 

postcapillary resistance in cat calf muscle. By adjusting a 

screw clamp on the femoral artery, flow to the muscle was 

reduced. As flow was reduced from 19 to 3.3 ml/min/100 g the 

calculated postcapillary resistance increased 159% from 0.58 to 

1.5 mm/ml*min*100 g (pre- to post capillary resistance ratio fell 

from 3.7 to 2.45). The data suggests that part of the increase 

in venous resistance could be explained by a 48% increase in 

postcapillary viscosity from 1.28 to 1.9 centipoise. (The in 

vivo viscosity was estimated from the flo"l resistances for blood 

and a Newtonian fluid in sections of the vascular circuit with 

fixed vascular dimensions (Djojosugi to et al., 1970). 

Changes in venous resistance in the dog gracilis muscle 

during partial arterial constriction and exercise tvere studied 

by Nagle et al. (1968). They found that the venous resistance 

(calculated by subtracting the pressure in the gracilis vein 

from the pressure in a 200 ~m venule and dividing that value by 

flow) under control conditions was 0.37 rum Hg/ml*min*100 g (5.7% 
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of the total vascular ~esistance). When t~e artery was 

partially constricted the arterial perfusion pressure fell from 

134 to 66. mm Hg, small vein pressure fell from 9.1 to 7.2, and 

the venous resistance increased 173% to 1.01 mm Hg/mI Dmin*100 g 

(9.7% of the total vascular resistance). With exercise in which 

flow increased from 19.0 to 78.2 ml/min*100 g, venous resistance 

fell 58% from 0.53 to 0.22 mm Hg/ml*min l:100 g. They suggested 

that the rise in venous resistance (veins greater than 200 pm) 

during arterial pressure reduction may be at least in part due 

to passive constriction of the veins subsequent to the fall in 

venous transmural pressure. 

Disagreement between the observed venous resistance 

changes during arterial pressure reduction in the whole hindlimb 

(Pappenheimer and Soto-Rivera, 1948, Hanson and Johnson, 1962b) 

and venous resistance changes in the skinned hindlimb (Thulesius 

and Johnson, 1966; Johnson, 1977) and muscle (Nagle et al., 

1968; Fronek and Zweifach, -1974; Oberg et al~, 1975) could be 

attributed to differences in behavior of skin and muscle. In 

the whole hindlimb there may have been a passive dilation of 

veins in skin during the isogravimetric procedure which masked 

the simultaneous increase of venous resistance in muscle. This 

could be important since the whole hindlimb contains an 

appreciable portion of skin (15% by weight). 

Johnson, Hanson, and Thulesius (1966) explored the 

possibility that veins in skin dilate during the isogravimetric 
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procedure by measuring the pre- and postcapillary resistance in 

dog forelimb. The skin blood vessels account for about 70% of 

for eli m b b 1 00 d flo v1. The for eli m b s howe d no e v ide n ceo f 

autoregulation as arterial pressure was reduced from 120 to 60 

mm Hg. As venous pressure was elevated to maintain a constant 

isogravimetric capillary pressure, there was a decrease in 

venous resistance of the forelimb from 0.54 to 0.25 mm 

There was apparently no arteriovenous reflex 

or change in effective viscosity in the venous vessels of skin~ 

Changes in venous pressure may also affect the venous 

resistance. Johnson (1965) examined the effect of venous 

pressure on mean capillary pressure and vascular "resistance in 

the isolated loop of dog intestine. He found that when venous 

pressure was elevated from 0 to 20 mm Hg the isogravimetric 

capillary pressure increased from 10 to 22 mm Hg. This increase 

in capillary pressure was 62% of the venous pressure increment. 

The attenuation of the expected increase of mean capillary 

pressure v1as due to the reduction of post capillary resistance 

( 8 0 % 0 f the a t ten u a t ion) fro mO. 6 8 toO. 5 m m H g / m 1 ;: min" 1 0 0 g, 

and the increase of precapillary resistance (20% of the 

attenuation) from 6.4 to 10.0 mm Hg/ml;~min"100 g. 

In summary, studies of the venous resistance have been 

carried out largely on whole organ preparations. Several 

investigators have reported increases in venous resistance of 

60% to 320% in skeletal muscle and in intestine when arterial 

pressure was reduced from 120 to 20 mm Hg. However, this is not 
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true in skin. The @echanism may very according to the tissue. 

For example, in hindlimb the shear dependence of blood viscosity 

is believed to be responsible t{hile in intestine constriction of 

venous vessels is believed to be responsible. The findings 

support the view that venous resistance is a variable which can 

change substantially during alterations in arteriolar resistance 

and blood flow. 

Control Of Capillary Fluid Transfer 

As mentioned above, although the contribution of the 

postcapillary vessels to total vascular resistance is small, 

changes in postcapillary resistance have an important influence 

on capillary hydrostatic pressure and capillary fluid balance. 

Capillary fluid transfer nay be expressed by the Starling 

formulation: Rate of filtrat.ion=Ki:Ai:(Pc-Pt)-r(IIc-Ilt), vrhere K 

denotes the capillary filtration coefficient, A denotes the 

capillary surface area, Pc the capillary hydrostatic pressure, 

Pt the tissue hydrostatic pressure, IIc the capillary colloid 

osmotic pressure, lIt the tissue colloid osmotic pressure, and r 

the reflection coefficient. Under normal conditions, the SULl of 

the outward forces is believed to exceed the sum of the invrard 

forces at the arterial end of the capillaries, causing 

filtration to take place. At the venous end of the capillaries 

the opposite is true, and therefore reabsorption occurs. On the 

average, these inward and outward forces balance and the 
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lymphatics drain any excess filtrate (Landis and Pappenheioer, 

1963; Gore, 1982). 

One of the fundamental determinants of fluid exchange is 

the capillary filtration coefficient. Fluid exchange across the 

capillary bed will vary directly with the capillary filtration 

coefficient. The filtration coefficient of single capillaries 

was first measured by Landis in 1927. Landis occluded single 

capillaries and measured the rate of red cell migration in the 

occluded vessel as a function of hydraulic pressure. From the 

red cell movement and capillary surface area, Landis found that 

the capillary filtration coefficient of frog mesenteric 

capillaries was 0.0056 ~m3/pm2*sec*cm H20. (Values in different 

vascular beds range from 0.006 pm3/}lm2'~sec*cm H2 0 in the frob 

mesentery, to 0.001 ~m3/pm2*sec*cm H20 in the rat cremaster 

muscle (Intaglietta and Zweifach, 1974).) 

Fluid exchange across the capillary bed also varies with 

the surface area of the capillary bed. Eriksson and Myrhage 

(1972) calculated the capillary ·surface area of the cat 

tenuissimus muscle to be 0.9 m2 /100 g. Other values have been 

presented by Schmid-Schoenbein, Z\>leifach, and Kovalcheck (1977) 

on the cat tenuissimus (1.29 m2 /100 g) and the rat 

spino trapezius (0.6 m2 /100 g), and by Nyrhage and Hudlicka 

(1976) on the rat extensor hallicus trapezius (1.3-1.9 m2 /100 

g) • 

It is interesting to note that the capillary surface 

area near the venous network is greater as a result of the 
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reverse taper found in the capillaries (4.7 )llil at the arterial 

end and 5.9 }lm at the venous end), and the numerous branchings 

of the capillary network on the venous side (Eriksson and 

Hyrhage, 1972). In addition, within a given capillary the 

filtration coefficient is substantially greater at the venous 

end (Intaglietta and Zweifach, 1974; Gore and McDonagh, 1980; 

Gore, 1982). These phenomena will tend to localize the exchange 

process near the venous end of the capillaries. 

Combining the capillary surface area with the single 

capillary filtration coefficients, the capillary filtration 

coefficients for whole organs can be calculated. In practice it 

is more common to measure fluid filtration for the whole organ 

by a weight or volumetric technique than it is to attenpt to 

calculate it from single capillary values. The capillary 

filtration coefficient for the cat hindlimb at rest is 0.008-

0.015 ml/100 g*min':fmm Hg, and at maximal exercise is 0.035-0.04 

ml/100 g*min*mm Hg (Kjellmer, 1964; Folkow and Halicka, 1968). 

Changes in arterial resistance, venous pressure, and 

venous resistance all have a direct influence on capillary 

pressure. Since these factors are all readily varied under 

physiological conditions, capillary hydrostatic pressure is 

perhaps the most variable of the Starling forces. The 

formulation derived by Pappenheimer and Soto Rivera (1948) 

illustrates how the~e various factors control capillary 

hydrostatic pressure: 
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(1) where (F=Pa-Pv/Ra+Rv) 

01" 

(2) Pc=[Rv/Ra*Pa+Pv]/1+Rv/Ra 

where Pa denotes arterial perfusion pressure, Pv venous outflow 

pressure, Rv post capillary resistance, Ra precapillary 

resistance, and F is flow. 

In relation to equation (1), Kjellmer (1964) studied the 

relationship between blood flow and capillary pressure in cat 

hindlimb during exercise. During exercise blood flow increased 

from 8 to 40 ml/min*100 g and capillary pressure increased by 

17.3 mm Hg from an estimated control level of 3,0 mm Hg. (The 

increase 'in mean capillary pressure was obtained by dividing 

the net capillary outward filtration during exercise by the 

capillary filtration coefficient.) The rise in capillary 

pressure with exercise was less than expected and suggested that 

venous resistance fell in exercising skeletal muscle. 

Thulesius and Johnson (1966) increased blood flow in 

hindlimb muscles by 100-300% with exercise, however, the 

isogravimetric capillary pressure increased only from 20 to 21 

mm Hg. The small increase in isogravimetric capillary pressure 

could be explained in the context of equation (1) as due to a 

concomitant 50-75% reduction in venous resistance lvhich, they 

suggested, was due to shear dependent changes in blood 

viscosity. 
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Jarhult and Nellander (1974) and l-lellander (1977,1978) 

demonstrated that as the arterial pressure was decreased from 

170 to 30 mm Hg in cat skeletal muscle, net transcapillary fluid 

movements measured by changes of tissue volume in the 

plethysmograph were small. This indicated that the capillary 

hydrostatic pressure remained relatively constant as the 

arterial 'pressure varied. The capillary pressure was determined 

by dividing the observed net transcapillary fluid movement by 

the capillary filtration coefficient determined from a step 

increase in venous pressure. Vlhen arterial pressure toJ'as 

elevated above normal levels., the capillary pressure did not 

increase above the control capillary pressure (assumed to be 

either 15 or 20 mm Hg) by more than 2 mm Hg. During hypotension 

the capillary pressure toJ'as unchanged (±0.5 mm Hg). These 

findings were supported by the fact that small vein pressure 

changed relatively little (range of change 0 to -3 mm Hg) during 

hypotension. Jarhult and Mellander concluded that in cat 

skeletal muscle there was an."autoregulation of capillary 

hydrostatic pressure" which was mainly caused by myogenic 

adjustments of vascular tone in precapillary resistance vessels. 

They suggested that in the lowest pressure range, hOHever, a 

rheological post capillary resistance increase may significantly 

contribute to this adaptation. 

Zweifach (1971) also focussed on changes in the pressure 

relationship within the microvascular bed during arterial 

pressure reduction. He made direct pressure measurements in 
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oapillaries of rabbit omentum. The acute removal of blood 

reduced arterial pressure and significantly reduced arteriolar 

pressure. Capillary pressure, however, fell very little. For 

example, arterial pressure reduction from 90 to 60 mm Hg 

decreased capillary pressure from 25 to 23 mm Hg. When the 

arterial pressure was reduced to 50 mm Hg, capillary pressure 

fell to approximately 18 mm Hg. A drop in arterial pressure to 

40 mm Hg reduced capillary pressure to 10 mm Hg. 

Gore (1974) and Gore and Bohlen (1975) attempted to 

answer the question: "is capillary pressure regulated". They 

made direct pressure measurements in cat mesentery. Sistemic 

pressure was initially set at 100' mm Hg, and was reduced in 

steps of 10-20 mm Hg. T~ey found that pressures in the 

arteriolar network Here a simple linear function of systemic 

blood pressure with a Y-intercept not significantly different 

from the systemic venous pressure. Pressures in 38% of the 

capillaries studied also decreased in direct proportion to the 

reduction in arterial pressure. Pressures in 62% of the 

capillaries, hotvever, ~lere somewhat insensitive to alterations 

in systemic blood pressure. The least-squares equation for a 

line through the latter data was Pc:(0.04±0.05)Pa+(28.34±4.34). 

Using the Pappenheimer and Soto-Rivera (1948) 

formulation [equation (2)] to explain these data, Gore found 

that the pre- to postcapillary resistance ratio decreased from 

2.7 to 0.44 when the arterial pressure Vias reduced from 100 to 

110m m H g, and fin a 11 y toO. 0 2 w hen art e ria 1 pre s sur e tv a s 30m 0 
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Hg. Since flow was not measured, it could not be ascertained 

whether the decrease in the pre- to postcapillary resistance 

ratio was due to a fall in precapillary resistance, a rise in 

postcapillary resistance or both. 

Gore (1974) noted that flow was redistributed in the 

arcade mesenteric arterioles with pressure reduction, and fel t 

that this phenomenon most likely explained the maintenance of 

capillary pressure in the mesentery. 

To better understand capillary pressure and its 

in flu e nee 0 n flu i d m 0 v e men t a c r 0 sst h e cap i 11 a r y \v a 11, Lev i c k 

and Michel (1978) made direct measurements of capillary pressure 

a t the base of human finger and toe nails. Capillary pressure 

was measured by adjusting the height of a column of water until 

the r e '1'1 a s nom 0 v e men t 0 fbI 00 din too r out 0 f a pip e t t e i nth e 

cap i 11 a r y. In 0 nee x per i men t the f 0 0 twa s pIa c e d 7 0 c m bel 0 \v 

the heart. The capillary pressure at this level was 83 em H2 0 , 

arterial pressure was 183 em H20 and the venous pressure was 70 

em H20. As the foot v1as raised to heart level, the arterial and 

venous pressures fell linearly to 110 and 10 em H2 0 

respectively. The capillary pressure fell considerably less, 

43.0 em H2 0 at heart level. The same type of response was 

observed in the hand capillaries. The data indicate that there 

was a decrease in the pre- to postcapillary resistance ratio 

from approximately 5 to 2 when arterial pressure in the foot was 

lowered from 180 to 110 em H2 0. They suggested that the 
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decrease in the ratio was due to a decrease in the precapillary 

resistance. 

Changes in capillary hydrostatic pressure and fluid 

transfer are important mechanisms aimed at restoring 

cardiovascular homeostasis during hemorrhage. Lundvall and 

Gustafsson (1982) measured the extravascular fluid that was 

transferred across the capillaries of cat calf muscle into the 

circulation during hypotension. The cat was bled until the 

arterial pressure fell from 120 to 80 mm Hg. The blood flow to 

the muscle fell from 8.8 to 3.7 ml/min/100 g and vascular 

resistance increased 85%. Using a water filled plethysmograph 

they measured a decline in tissue volume reflecting a net 

transcapillary absorption of fluid from the extra- to the 

intravascular space (0.055 ml/min/100 g). They suggested that 

the fluid absorption was mainly caused by a decrease in the 

capillary pressure due to reflex adjustment of the pre- to 

postcapillary resistance ratio. Further hemorrhage reduced 

arterial pressure to 30 mQ Hg and flow to 0.3 ml/min/100 g and 

caused a much larger resistance and capacitance response. In 

addition, fluid transfer into the intravascular space ceased. 

It appeared that the severe hypotension led to a large decrease 

in precapillary resistance, or a large increase in postcapillary 

resistance preventing a decrease in capillary pressure below 

control levels. Lundvall and Gustafsson suggested that a 

passive increase in post capillary resistance due to an increase 
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in blood viscosity in the venules at lower shear rates was 

responsible for the lack of decrease in capillary pressure. 

In summary, from equations (1) and (2) it is clear that 

capillary hydrostatic pressure should be directly affected by a 

change of arterial blood pressure, but this does not seem to be 

the case due to local adjustments of the pre- to post capillary 

resistance ratio. It has been suggested that resettings of this 

ratio in skeletal muscle are due to adjustments of vascular tone 

in precapillary vessels and/or rheological post capillary 

resistance changes. Resettings of the pre- to post capillary 

resistance ratio during- changes in blood flow may explain the 

relative constan~y of capillary pressure in skeletal muscle 

during exercise (K jell mer, 196 4; T h u 1 e s ius and Johnson, 1 96 6 ) 

and also during arterial pressure reduction in skeletal muscle 

(Jarhult and Nellander, 1974; Oberg et al., 1975; Mellander, 

1977; Hellander, 1978), in the mesentery (Zweifach, 1971; Gore, 

1974; Gore and Bohlen, 1975), and in the nail fold (Levick and 

Bichel, 1978). 

Microvascular Rheology 

Hemodynamics is the study of the flow properties of 

blood. Ideally, a knowledge of hemodynamics should enable us to 

separate the influence of changing vessel diameter and number of 

vessels with blood flow in a vascular bed from the rheological 

properties of flowing fluid, and enable us to evaluate the 

importance of each in changing peripheral resistance. 
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Blood is a suspension of formed elements in plasma, 

therefore, blood's rheological properties depend on the 

properties of plasma and cells, and on the interaction between 

these components. Most of our knowledge of the rheological 

behavior of blood stems from in vitro experiments perforeed in 

tube, cone and plate, and couette types of viscometers. In 

these studies two characteristics of blood have been 

exhaustively examined: (1) the increase of apparent viscosity 

with increasing hematocrit, and (2) the increase of apparent 

viscosity with decreasing shear rate. 

Fahraeus (1929) found that when blood from a ~ealthy 

hUman was made to flow through glass capillaries of decreasing 

diameters there was a decrease in the relative erythrocyte 

volume (hematocrit). At a diameter of 1.1 me the volume of 

erythrocytes in the blood was 40.5%, and average erythrocyte 

velocity was 100 (plasma velocity was given a value of 100). At 

a diameter of 0.25 mm the volume of erythrocytes was still high 

at 39.2%. As tube diameter was decreased to 0.05 mm, the volume 

of erythrocytes decreased to 28%, and average erythrocyte 

velocity increased to 175 (plasma velocity being taken as 100). 

This was a 30% decrease in the hematocrit of blood as capillary 

diameter was decreased from 1.1 to 0.05 mm. 

Fahraeus' observation that blood flowing in narrow tubes 

was relatively much richer in plasma and poorer in corpuscle~ 

than it was when flowing in larger tubes (The Fahraeus Effect) 

is probably the consequence of the wall exclusion effect on red 
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blood cells. Wall exclusion and additional axial migration 

causes the red cells to predominantly occupy the central regions 

of the velocity profile where local flow velocities were higher, 

while a substantial volume fraction of the plasma was confined 

to the slowly moving marginal regions of the flow. The higher 

velocity of blood cells relative to suspending fluid causes the 

volume concentration within the tube to be lower than the volume 

concentration of blood cells entering and leaving the tube 

(Fahraeus and Lindqvist, 1931; Whittaker and Winton, 1933). 

A decrease in tube diameter not only decreases relative 

erythrocyte volume (hematocrit), but also significantly reduces 

apparent viscosity as observed ~n y~~~ by Fahraeus and 

Lindqvist (1931). They found that as blood flowed through glass 

capillary tubes, there was a constant relative viscosity as the 

tube diameter ~-las reduced from 0.6 to 0.3 mm. As tube diameter 

Has reduced to 0.05 mm, hO\<lever, the relative viscosity 

decreased from 5 to 3. This suggested that "the viscosity of 

the blood is not a constant quantity, but dependent on the 

diameter of the tube." The decrease in relative viscosity with 

decreasing tube diameter was attributed to the Fahraeus Effect. 

To test the hypotheses that the apparent viscosity of 

blood depends on the velocity of flow and the vessel diameter 

Hhittaker and Hinton (1933) performed in vivo experiments on the 

isolated hindlimb of the dog. They measured blood viscosi ty by 

comparing the rates of flow for blood samples, ranging from a 

corpuscular concentration of 0 to 85%, through the same limb at 
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a fixed arterial pressure. At a hematocrit of 48% the apparent 

viscosity of blood in a glass viscometer was 4.9 while in the 

limb at a perfusion pressure greater than 51 mm Hg the apparent 

viscosity of blood was 2.2. Whittaker and Winton concluded that 

the differences in these two values of viscosity were the result 

of the Fahraeus-Lindqvist Effect, and the fact that 

microcirculatory vessels of the limb were of smaller bore than 

glass tubes used for in vitro studies. 

To determine the precise relationship between apparent 

viscosity and hematocrit, Barbee and Cokelet (1971a, 1971b) 

investigated the Fahraeus and Fahraeus-Lindqvist effects in 

human blood pumped through glass capillaries ranging from 29-811 

pm in diameter. Barbee and Cokelet found that the hematocrit of 

blood flowing through a 811 pm tube was the same as the feed 

hematocrit, 55.9%. When blood having t.he feed hematocrit of 

55.9% was passed through a tube of 29 ~m, the tube hematocrit 

was 35.8% (a 36% decrease). There was a 2% drop in tube 

hematocrit in a 221 pm tube, a 12% drop \-las found in a 100 pi:! 

tube, and a 28% drop Has observed in a 59 pr:l tube. The mixing

cup or discharge hematocrit of the various suspensions flowing 

from a capillary was always the same as the feed-reservoir 

hematocrit. 

Barbee and Cokelet (1971b) and Cokelet (1976) also 

examined the relationship between wall shear stress and bulk 

velocity divided by the tube diameter (normalized velocity or 

pseudo-shear rate--see below). (Shear-stress divided by shear-
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rate is the viscosity.) They found that as the pseudo-shear 

rate was decreased from 100 to 3 sec -1 in a 29 ).lm tube tiith a 

feed he~atocrit of 55.9%, wall shear-stress dropped from 27 to 

dynes/cm 2 (apparent viscosity increased from approximately 4 to 

5 centipoise). As the pseudo-shear rate was decreased from 100 

to 3 sec- 1 in a 811 ).lm tube with a feed hematocrit of 55.9% 

(know ing that feed hema tocri t and tube hema tocri t t-lere equal), 

wall shear-stress decreased from 50 to 3 dynes/cm 2• When 'this 

same tube was perfused with a feed hematocrit of 35.8%, wall 

shear-s~ress dropped from 27 to 1 dynes/cm 2 as the pseudo-shear 

rate wai decreased from 100 to 3 sec- 1• This was the same 

relationship that was found in the 29 pm tube with a feed 

hematocrit of 55.9%. Barbee and Cokelet concluded that the 

difference in tube hematocrit between 811 pm and 29 ).lm tubes 

with feed hematocrits of 55.9% was the result of the Fahraeus-

Lindqvist Effect. The data also suggest that the apparent 

viscosity of blood flowing through vessels of different 

d i arne t e r s 't-l ill bet h e sam e i f tub e hem a t 0 c r its are ide n tic a 1 , 

other factors being constant. For example, tubes ~vith diameters 

of 811 ~m and 29 pm and tube hematocrits of 36% have apparent 

viscosities of approximately 4 centipoise when normalized 

veloicty is 100 sec- 1• Similar studies have been reported by 

Albrecht et ale (1979). 

(For Newtonian fluids the \'lall shear rate is 

proportional to the ratio of V/D, where V is mean flow velocity, 

and D is vessel diameter. This ratio is the normalized velocity 
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or the pseudo-shear rate. The shear rate may be obtained in 

terms of the parameter aVID (wall shear rate for a Newtonian 

fluid by application of the Rabinowitzch-Mooney equation, 

Lipowsky, 1975). This value is only an approximation for non

Newtonian fluids.) 

The shear dependence of blood viscosity has also 

received much attention. Hess (1907, 1912; cited by Hhittaker 

and H i n ton, 1 9 3 3 ) vi a son e 0 f the fir s t tor e po r t t hat the 

apparent viscosity of blood depended on the velocity at which 

the blood flowed. Hess and Bayliss (1933; cited by Hhittaker 

and Hinton) found that"the viscosity of blood increased 

drastically at 10t-1 velocities. This effect was illustrated by 

Bayliss when he" shovled that blood in a viscometer had a 

viscosity of 4.5 at high velocities but reached a viscosity of 

about 100 at very low velocities. 

Hhittaker and Hinton (1933) used the isolated hindlirJb 

of the dog to investigate the influence of blood velocity on 

apparent viscosity. This was accomplished by studying the 

effects of changes in perfusion pressure on the apparent 

viscosity of defibrinated blood of various corpuscular 

concentrations. At a systemic hematocrit of 49%, as the 

perfusion pressure was decreased from 88 to 40 mm Hg the 

apparent viscosity increased from 2.1 to 2.3. At a systemic 

hematocrit of 52.5%, the apparent viscosity increased from 2.3 

to 2.7 when the perfusion pressure Has decreased from 88 to 40 

mm Hg. The apparent viscosity increased from 5.0 to 9.5 as 
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perfusion pressure vias decreased from 88 to 40 mm Hg when the 

systemic hematocrit was 83%. This suggested that the increase 

of viscosity at low perfusion pressures could become a matter of 

even greater physiological significance if the hematocrit was 

higher than normal. 

Chien et ale (1966, 1969, 1975) found that at a 

hematocrit of 45%, whole blood from healthy hUmans underwent an 

increase in viscosity as measured in a modified Couette 

viscometer from 7 to 10 centipoise as the shear rate was 

decreased from 70 to 30 sec- 1• As the shear rate was decreased 

from 30 to 0.1 sec- 1 , the viscosity increased from 10 to 100 

centipoise. (Different hematocrits were obtained by increasing 

or reducing the volume of the plasma.) Viscosity of whole blood 

with a hematocrit of 90% increased from 80 to 100 centipoise as 

the shear rate was decreased from 70 to 30 sec- 1• A 

decrease in the shear rate from 30 to 0.1 sec- 1 led to an 

increase in the viscosity from 100 to 1000 centipoise. 

Viscosity of whole blood with a hematocrit of 25% increased from 

2.2 to 2.5 centipoise as the shear rate was decreased from 70 to 

30 sec- 1 and to 18 centipoise as the shear rate fell to 0.1 sec-

1. The viscosity of plasma without red cells remained constant 

at 1 centipoise as the shear rate was decreased from 100 to 0.1 

sec- 1 • 

The degree of shear dependence of whole blood viscosity 

was lessened by the removal of fibrinogen from the plasma phase 

(serum). Chien found that the viscosity of defibrinated blood 
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\Vith a hematocrit of 45% increased from 7 to 9 s~ntipoise as the 

shear rate was decreased from 70 to 30 sec- 1 and to 50 

centipoise as the shear rate \Vas decreased to 0.1 sec- 1• The 

shear dependence was even further reduced when all plasQa 

pro t e ins t-T ere r e ill 0 V e d (C hie net a 1., 1 9 6 6 ) • Chi e n f 0 un d t hat 

the viscosity of a Ringer's suspension of cells at 45% 

hematocrit only increased from 5 to 9 centipoise as the shear 

rate was decreased from 100 to 0.1 sec- 1• 

These data suggested that there Here at least tHO 

factors that influenced the shear dependence of blood viscosity. 

In normal ranges of cell concentration, the Qajor factor was the 

presence of plasma proteins, especially fibrinogen, which at low 

shear rates interacted with cells to cause the reversible 

formation of aggregates or rouleaux. (There may also be SOQe 

leukocyte-leukocyte and leukocyte-endothElium adhesion, Schmid

Schoenbein, Fung, and ZHeifach, 1975; Schmid-Schoenbein et al., 

1980; Lipot-lsky, Usami, and Chien, 1980.) 

Another factor which contributed to the shear dependence 

of blood viscosity was the cell flexibility. The significance 

of cell' flexibility or erythrocyte deformation in shear 

dependence \Vas illustrated by the lack of shear thinning with 

erythrocytes hardened by a 2% acetaldehyde solution. Chien et 

al. (1967, 1969) shol'led that a 45% suspension of hardened cells 

in Ringer's solution had a constant viscosity of 15 centipOise 

a s the she a r rat e \-1 a s dec rea sed fro m 2 0 0 toO. 1 sec - 1 • I nth e 
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absence of erythrocyte deformation and aggregation, the Ringer's 

suspension of hardened cells was Newtonian. 

Chien (1970) suggested that erythrocyte deformation and 

aggregation exerted their rheological effects through a common 

mechanism; namely, shear dependent changes in effective cell 

volume. He postulated that the presence of particles in a 

suspension caused an increase in viscosity as a result of 

disturbances in streamlines in the fluid medium. The degree of 

disturbance was determined by the effective volume concentration 

of the suspended particles which included not only the actual 

volume ~f the particles, but also a volume of external fluid 

immobilized hydrodynamically. 

Chien assumed that unde~ bonditions of low flow, normal 

erythrocytes in plasma assumed the shape of a biconcave discoid. 

In this case the ratio of effective particle volume to true 

particle volume would be 2.5. Increases in shear rate would 

deform the cells, reducing the volume of external fluid 

immobilized, and decreasing the effective particle volume to 

true particle volume ratio. In addition, increases in shear 

rate ~'lould reduce the disturbance of external streamlines, and 

increase the amount of shear stress that the red cell membrane 

could transmit to the internal fluid. (The internal fluid 

could then participate in the flowing streamlines.) 

Chien 'interpreted these studies to indicate that the 

effective cell volume was a function of erythrocyte aggregation, 

erythrocyte deformabili ty, shearing condi tions, and hema tocri t. 
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He concluded that the shear dependence of blood viscosity was 

through changes in the effective cell volume. 

The shear dependence of blood viscosity depends 

critically upon the hematocrit (Brooks, Goodwin, and Seaman, 

1970; Chien et a1. 1966, 1969, 1975). Hematocrit has been 

measured in vivo using several techniques. Lipowsky, Usami, and 

Chien (1980) used an optical density technique to measure 

hematocrits in the microcirculation of cat mesentery and found a 

gradual fall in hematocrit from systemic levels of 34% to 31.3% 

in 70 ~m arterioles to 8.4% in the capillaries. The minimum 

hematocrit of 7% was found in 12 ).lm collecting venules. 

Hematocrit rose to 28.6% in the 70 }lm venules. Kanzow, Pries, 

and Gaehtgens (1982) also used the optical density technique to 

study hematocrits in the microcirculation of rat mesentery. At 

a systemic hematocrit of 42% the hematocrit 

arterioles and fell to 15.1% in 7.8 J,lm 

vias 31.5% in 30).lm 

capillaries. The 

hematocrit was 19% in 15 J,lm collecting venules and rose to 27% 

in 45 ~m venules. There was increasing variability in the 

hematocrit with decreasing diameter, the hematocrit in the 

capillaries ranged from almost zero to 36%. 

The capillary hematocrit obtained by LipoVlsky and co

workers (1980) was considerably lower and less variable than 

tha t measured by Kanzow et a1. (1982) perhaps because LipoHsky 

used the microocclusion technique to measure hematocrits in 

these vessels while Kanzow used the optical density technique. 
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Sarelius and Duling (1982) used fluorescent labelled 

erythrocytes to measure hematocrits in the microcirculation of 

rat cremaster and cheek pouch. The data suggest that the 

microvascular hematocrit/systemic hematocrit was approximately 

0.45 in 50 pm arterioles, 0.52 in 30 pm arterioles, and 0.29 in 

5 ~m capillaries. They reported, contrary to the findings of 

Lipowsky et al. (1980) and KanZOt'l et al. (1982), that there Has 

no" reI a t ion s hip" bet vi e e n art e rio I a r d i a met era n d v e sse I 

hematocrit. 

To compare in vitro studies of blood rheology Hith in. 

vivo studies of blood flow, the shape of the velocity profile 

must be defined. Schmid-Schoenbein and Zweifach (1975) measured 

erythrocyte velocity profiles of art~rioles and venules in the 

rabbit omentum. High speed cinematography t-las used to folloH 

the behavibr of individual cells. They reported that vessels 

larger than 70 ~m had a parabolic velocity profile and the blood 

in these vessels could be treated as a homogeneous fluid. In 

vessels smaller than 70 pm, however, the velocity profile became 

asymmetric. They suggested that flow had become increasingly 

influenced by the shear forces developed at the wall. Schmid-

Schoenbein and Zweifach found that the velocity profiles in the 

smaller arterioles and venules were blunter than NeHtonian fluid 

profiles. The velocity profile shoHed less asymmetry on the 

arteriolar side, however, tpan on the venous side. They 

observed considerable blunting of the velocity profile in 

venules less than 30 pm. 
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A closer approximation to a parabolic velocity profile 

was observed when the central he~atocrit was lowered fro~ 35% to 

25%. This led Schmid-Schoenbein and Zweifach to suggest that 

the shape of the velocity profile may depend on the hematocrit 

of the blood. 

As mentioned above, the viscosity of blood depends on 

the shear rate. ~ vivo studies indicate that the pressure 

gradient, tlow velocity, vessel size, and shearing conditions 

vary widely throughout the circulation. Literature data 

collated by Green (1950), and modified by Wiedeman (1963), on 

vessel radius and total cross-sectional area of dogs, and 

related to "flow data indicate that the pseudo-shear rate was 50 

sec- 1 in large arteries, and 200 sec- 1 in arterioles. The 

estimated pseudo-shear rate fell to 5 sec- 1 in venules and then 

increased to 25 sec- 1 in the veins. 

Pseudo-shear rates in both the post capillary and 

precapillary segments under control conditions are greater than 

5 sec- 1 , and the difference in pseudo-shear rate may not result 

in any significant difference in viscosity. Chien suggested, 

however, that if flow is reduced the shear dependent region may 

be encountered in the venous vessels, and it is possible that 

the lower pseudo-shear rate in the postcapillary segment would 

then cause a hiGher viscosity in the veins. The shear 

dependence of blood visco city would then affect not only the 

overall resistance to flow, but would also change the resistance 

ratio between the post capillary and precapillary segments, 
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thereby modifying the capillary pressure and trans capillary 

fluid movement. 

Lipowsky et a1. (1975,1978,1980) studied blood 

rheological parameters in the microcirculation of cat mesentery. 

The apparent viscosity was computed from the time averaged 

values of pressure drop and bulk velocity. Under control 

conditions there was a decrease in apparent viscosity from 4 

centipoise in 58 } .. llll arterioles, to 3 centipoise in 14 pm 

arterioles. This trend was followed by an increase in apparent 

viscosity to a value of 5.15 centipoise in 22 ~m venules. An 

average apparent viscosity of 4.22 centipoise was found for all 

vessels. 

The distributi"on of normalized velocity or pseudo-shear 

rate was also examined by Lipovlsky and cO-\-lorkers (1975, 1978). 

As the blood traversed the mesenteric network, pseudo-shear rate 

rose to a maximum of 230 sec- 1 in 30 ~m arterioles, and then 

fell to a minimum of 60 sec- 1 in 22 ~m venules. The pseudo

shear rate gradually rose in larger venules and veins. 

Next, Lipowsky studied the relation of pseudo-shear rate 

to apparent viscosi ty for arterioles and venules in different 

diameter categories by partial occlusion of the small vessels 

while measuring pressure gradient and blood flow. This \-las the 

first attempt in Vivo to measure microvascular blood viscosity 

and determine the dependency of the rheological properties of 

blood on pseudo-shear rate. Lipowsky found that as the 

pseudo-shear rate fell from 200 to 30 sec-1 in 21-25 Pill vessels, 
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the apparent viscosity increased from 3 to 6 centipoise. As the 

pseudo-shear rate was decreased to 

viscosity increased to 80 centipoise. 

sec-1, the apparent 

Apparent viscosity 

increased from 3 to 6.5 centipoise as the pseudo-shear rate fell 

from 200 to 30 sec- 1 in 46-50 pm vessels and to 93 centipoise as 

the pseudo-shear rate fell to 1 sec- 1• These findings suggest a 

greater influence of shear rate on blood viscosity then 

predicted by in vitro studies. 

The difference in the postulated effects of blood 

vis cos i t Y fro m i n v i v 0 (L i po vi sky eta 1. , 1 97 5 , 1 9 7 8) and in 

vitro studies (Brooks, Goodwin, and Seaman, 1970; Barbee and 

Cokelet, 1971a; Chien et a1., 1966, 1969, 1975) may be due in 

part to the removal of le~kocytes and platelets froQ blood used 

in vi scom e terse Lipotvsky et a1. (1978, 1980 ) suggested that 

leukocyte-endothelium adhesion plays a significant role as a 

determinant of apparent viscosity and intravascular pressure. 

Changes in the rheological properties of blood cellular 

elements were also studied by Eriksson and Lis'3.nder (1972). The 

effect of blood flow reduction in arterioles and venules in cat 

tenuissimus muscle was studied under the microscope. When they 

cOQpressed the aorta to reduce the femoral artery pressure to 50 

mm Hg the transverse arterioles dilated about 40% and central 

arteries SOQe 10-20%. There was only a slight decrease in 

venous diameter. Capillary diameter did not change, and the 

distribution of blood flow at the capillary level was not 

altered. The decrease in perfusion pressure did, however, 



83 

reduce the red cell velocity in all vessels. Eriksson and 

Lisander reported the formation of stagnant red cell masses in 

the microvessels. The stagnant masses were usually observed in 

the venules where sometimes distinct rouleaux were observed. 

The red cell aggregates could be broken apart by small increases 

in the linear flow rate. When the aortic compression was 

released, linear flow rates and vascular diameters returned to 

pre-compression values within one minute. 

The findings by Eriksson and Lisander and others 

reviewed in this section agree with the general conclusion 

reached by Lipowsky that "the rheological properties of blood 

cellular elements play an important role as determinants of the 

resistance to blood flow in the microcirculation" and "the 

largest effect of the non-Newtonian rheological behavior with 

perturbation of arterial flow rate was found to occur in the 

venous vessels." 

Purpose and Aim of Present Study 

Several investigators have studied venous resistance and 

its role in circulatory homeostasis. This work, however, has 

been carried out largely on whole organ preparations. As cited 

in the preceding section, Johnson and Hanson (1962) found that 

the venous resistance increased as arterial pressure was reduced 

in the dog intestine while Fronek and Zweifach (1974) found 

venous resistance increased with arterial pressure reduction in 

cat mesentery. Similarly, Thulesius and Johnson (1966) found 
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that venous resistance in the isolated dog hindlimb preparation 

increased frolil 15% of the total resistance under control 

conditions to 50% of the total resistance as the arterial 

pressure was reduced. Oberg et ale (1975) obtained similar 

results in cat calf muscle. In the hindlimb, Thulesius and 

Johnson (1966) also found that in exercise there was a 50-75% 

reduction in venous resistance. 

Details on the mechanisms by which adjustments take 

place in the venous network when blood flow changes in an organ, 

hOHever, are lacking. It is knoHn, for example that the veins 

do not possess the capability for active adjustment in vessel 

diameter by contraction and relaxation of vascular smooth muscle 

as exists on the arterial side. Thus it must be surmised that 

other, passive mechanisms come into play. 

Whole organ studies on skeletal muscle suggest that 

changes in venous resistance Hith changes in blood floH may 

involve the rheological properties of blood. Thulesius and 

Johnson (1966) and Oberg et ale (1975) obtained evidence from 

t-l hoI e 0 I' g a n stu die s t 0 s u g g est t hat the inc rea s e i n 

post capillary resistance Has partly due to an increase in 

postcapillary viscosity. Nagle et ale (1968) suggested that the 

increase in large vein resistance when arterial pressure was 

reduced in the dog gracilis muscle was the result of passive 

collapse of the veins. 

Recently new microcirculatory techniques have been 

developed. These methods are directed toward quantitative 
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stu die son the m i c roc i r c u 1 a t ion. ~l e tho d s h a v e bee n d eve lop e d 

for measuring flow, velocity, diameter, hematocrit, and pressure 

of microcirculatory vessels~ The emergence .of these techniques 

makes it possible to study the venous network under the 

microscope in a quantitative manner. However, few 

microcirculatory studies have examined the venous network and 

its response to changes in blood flow in a quantitative fashion. 

Such information is needed to determine whether the hypotheses 

based on whole organ studies are valid. 

Microcirculatory techniques will allow us to determine 

if the shear rate of blood in the venules could be sufficiently 

low to be in the range where viscosity is shear rate dependent. 

The new techniques allow·us to mea~ure diameter and red blood 

cell veloCity in individual venules and determine the pseudo

shear rate (normalized velocity) in the venous network. 

In addition, microcirculatory techniques will also allow 

us to examine the possible roles of changes in venular diameter 

and the number of venules with blood flow in altering venous 

resistance. With regard to the latter, Honig, Oderoff, and 

Frierson (1980) reported that mean capillary density increased 

in dog gracilis muscle with exercise. It is possible that 

arterioles which are closed during resting conditions may open 

and permit flow. Hhen these arterioles open, additional 

capillaries and venules downstream may open in order to complete 

the circui t. Recruitment of venules during exercise may 

decrease the resistance on the venous side. 
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Finally, microcirculatory techniques will allow us to 

examine the effect of changes in venous resistance on the 

pressure drop in the venous net\vork and capillary pressure. 

These measurements are critical to evaluation of the hypotheses 

that, through one or more of the mechanisms presented above, 

venous resistance changes as blood flow changes. We have found 

no microcirculatory study that examines the effect of blood flo\v 

on the directly measured venular pressure drop in skeletal 

muscle. 

Evidence suggests that the veins are not just dull 

draining pipes but do have important roles in the circulation. 

The evidence for this conclusion, derived from whole organ 

studies, is indirect; therefore, detailed information on the 

venous network itself and its role in cardiovascular homeostasis 

is lacking. 

The present study was undertaken with 3 general aims in 

mind: (1) to characterize the microvascular response of venules 

during arterial pressure reduction and muscle contraction; (2) 

to determine. if the normalized velocity of blood in venules is 

extremely low under control conditions and changes when blood 

flow is altered; and (3) to test the hypotheses that changes in 

venular diameter, number of venules with blood flow, or the 

shear dependence of blood viscosity during changes in blood flow 

alter venous resistance and tend to maintain a somevrhat constant 

pressure drop in the venous network and a constant capillary 

pressure. 



CHAPTER 2 

FLOW PROPERTIES OF BLOOD IN THE VENULAR 
NETWORK OF SKELETAL MUSCLE 

Introduction 

The main physiological roles of the venous vessels are 

to provide the capacitance function of the vascular system and 

ensure an appropriate return of blood to the heart (Alexander, 

1963; Oberg, 1973; FolkoH, 1973; Shepherd and Vanhoutte, 1975; 

Vanhoutte, ·1978; Rothe, 1979; Vanhoutte, 1980). An additional 

important function of the venous vessels is to provide 

postcapillary resistance. The venules are considered the 

principal site of postcapillary resistance (Mellander, 1960; 

FolkoH and Mellander, 1964; Abdel-Sayed, Abboud, and Ballard, 

1970, Oberg et al., 1975; Lundvall and Gustafsson, 1982). Hhile 

the contribution of the venous vessels to total flow resistance 

is quite small (10-20% of the total resistance) cOfJpared with 

the precapillary resistance section (Oberg, 1973; Folkow, 1973; 

Fronek and Zweifach, 1974; Oberg et al., 1975; Fronek and 

Z ~'l e if a c h , 1 97 5; Go r e, 1 97 4; Gore and B 0 hIe n, 1 97 5 ), c han g e sin 

postcapillary resistance may have an important influence on 

capillary hydrostatic pressure and capillary fluid balance. 

Whole organ studies suggest that venous resistance 

increases as flow falls below normal levels and decreases when 

87 
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floH increases as in exercise (Johnson and Hanson, 1962; 

Thulesius and Johnson, 1966; Nagle et al., 1968; Fronek and 

ZHeifach, 1974; Oberg et al., 1975; Johnson, 1977). It has been 

suggested that these resistance changes may help maintain a 

somewhat constant capillary pressure and fluid balance. 

Changes in postcapillary resistance may be due to 

changes in the venous diameter, changes in the number of venous 

vessels with blood floH, or changes in the apparent viscosity of 

blood in the venous vessels. It has long been knot-In from in 

vitro viscometry studies (Whittaker and Winton, 1933) that blood 

viscosity is dependent upon shear rate, particularly at low 

rates of shear. Also, Lipo~Tsky, Kolvalcheck, and Zweifach 

(1978), and Lipowsky, Usami, and Chien (1980) have shown that 

when shear rate falls in the microcirculation as during 

arterial pressure reduction red cell aggregation and leukocyte

endothelium adhesion can increase the effective viscosity of 

blood thereby increasing microcirculatory resistance. 

The purpose of this study was to examine the several 

factors cited above which might cause venous resistance to 

change as blood floH changes. We tested the hypotheses that the 

velocity of blood in skeletal muscle venules is normally low and 

in the range where adjustments in the velocity may alter blood 

viscosity. We also tested the hypotheses that venular diameter 

~nd the number of venules with blood flow are dependent upon 

blood flow. These hypotheses were tested by examining venular 

diameter, erythrocyte velocity, the numbers of venules with 



89 

blood flow, and calculating normalized velocity (shear rate) and 

volume flow during arterial pressure reduction and muscle 

contraction. 

Materials and Methods 

Methods have been developed previously for direct and 

continuous determination of microcirculatory vessel diameter 

(Baez, 1973), floH velocity Olayland and Johnson, 1967), 

microvascular pressure (Intaglietta, PaHula, and Tompkins, 

1970), and single vessel hematocrit (Lipowsky, Usami, and Chien, 

1980; Sarelius and Duling, 1982). 

In some microcirculatory skeletal muscle preparations 

the muscle is completely isolated surgically (Burton, 1973; 

Swain and LaLone, 1982). This involves severing the nerves to 

the preparation, and providing blood flow through external 

tubing. Isolated preparations alloH for excellent control of 

arterial and venous pressure, while also allowing for the 

measurement of total blood flow to the muscle. Isolated 

preparations, hOHever, are devoid of normal nervous control and 

the process of complete isolation and cannulation may lead to 

tissue damage. Preparations with intact vascular supply such as 

the rat cremaster (Baez, 1973) and the hamster retractor muscle 

(Sullivan and Pittman, 1982) require less surgery and thus 

involve less muscle trauma. 

We wished to combine the advantages of a muscle 

preparation having intact vascular and nerve supply with a means 
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of controlling arterial pressure. We have developed an 

exteriorized cat sartorius muscle preparation which has these 

features. The preparation provides the opportunity for control 

of arterial pressure and is well suited for autoregulation and 

reactive hyperemia studies. In addition, the preparation, with 

its intact nerve supply, has considerable vascular tone and is 

well suited for active hyperemia studies. The preparation is 

easily accessible, readily transilluminated, and as a result of 

the brief surgery imposes less trauma on the muscle. Vessel 

dimensions, flow velocity, microvascular pressures, and 

hem a t 0 C ri t s 0 f sin g I eve sse Is can be mea sur e'd in t his 

preparation. 

Burton reported, the development of an isolated cat 

sartorius muscle preparation in 1973. As described by Burton, 

"the sartorius muscle is a superficial muscle of the hindlimb, 

which is found on the medial surface of the thigh. Its origin 

is the cranial half of the crest of the illium, and its 

insertion is on the proximal end of the tibia, and on the 

patella. The medial edge of the muscle is immediately adjacent 

to the femoral artery and vein." The sartorius muscle used in 

our experiments was about 9 cm long by 4 cm wide and weighed 

approxima tely 2.5 g. 

As described by Burton, "the blood supply of the muscle 

is primarily from. the lateral circumflex femoral vessels, and 

secondarily from one or two small branches of the femoral artery 

and vein. In addition, there are small arteries and veins 
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supplying the more distal and lateral areas of the muscle." The 

small arteries and veins are ligated and cut in the preparation 

of the muscle, therefore, only the middle thin portion of the 

muscle is used for microcirculatory studies. 

In our studies, thirty-three cats of either sex, ranging 

in t-leight between 0.9 and 1.5 Kg were used. First the animal 

was tranquilized with an intramuscular injection of 15 mg/kg 

ketamine hydrochloride (Ketaset, Park-Davis Co). After partial 

sedation, the cat was placed on its back on a heating pad. The 

neck was shaved and the right jugular was cannulated. Alpha

chloralose was used as the anesthetic and was administered 

intravenously at 38 mg/Kg. Additional anesthetic was delivered 

Hhen needed. 

The initial surgery for the exteriorized cat sartorius 

muscle is similar to that described by Burton (1973) for the 

isolated muscle. The first step was to make an incision just 

medial to the femoral and saphenous vessels, extending from the 

body wall to just below the knee of the left leg. Another 

incision was made lateral to the body wall. Several large skin 

vessels were ligated at this point. Throughout the surgery, the 

physiological salt solution Normasol-R (Abbot Laboratories) was 

used to keep the exposed areas of the muscle moist and warm 

(37 o C). Horking through the incision, the fascia covering the 

leg muscles t-las separated by blunt dissection. The next step 

was to ligate and cut the muscular branches along the medial 
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margin of the femoral vessels. At this point only surface 

vessels along the entire length of the femoral vessels were 

freed. 

Using blunt dissection, the fascia covering the lateral 

edge of the muscle was removed revealing the natural separation 

between the sartorius and deeper muscles. A curved hemostat was 

used to separate the sartorius from the deeper muscles, 

immediately above the knee, from lateral margin to medial 

margin. Caution was observed to prevent tearing of the 

descending genicular vessels. To free the distal portion of the 

muscle, 1-0 silk ligature (black braided type B surgical suture, 

Ethicon Inc.) was used to doubly ligate the muscle. Complete 

separation of the distal portion of the muscle was accomplished 

with five ligations. Ligatures attached to the muscle were left 

in place and used later in mo·unting the muscle. The muscle was 

maintained at its initial length and orientation throughout the 

surgery. 

By carefully raising the muscle, the genicular vessels 

and other small vessels were exposed. These were ligated with 

3-0 silk ligature and cut. Continuing by blunt dissection, the 

fascia attaching the sartorius to the deeper thigh muscles was 

separa ted. As the muscle tV'as separated along the medial edge, 

the descending femoral artery and vein were exposed. These 

vessels were ligated Ylith 2-0 silk ligature and cut. In 

ligating these vessels and other vessels along the femoral 

artery and veins, caution Has exercised to avoid constricting 
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the small feeding vessels which arise in this region from the 

femoral artery and vein. Caution was also used so as not to 

constrict the femoral artery and vein. 

Using blunt dissection, the fascia attaching the 

sartorius to deeper thigh muscles was separated until the muscle 

had been freed 1 cm beyond the lateral" circumflex vessels. The 

large vessels and nerves in this region were not cut. Only the 

small vessels along the lateral portion of the muscle \~ere 

ligated and cut. vlith the sartorius completely separated from 

surrounding tissue from a point immediately above the knee to 

immediately above the lateral circumflex vessels, the 

preparation of the muscle was complete. 

For transillumin"a tion studies it is desirable to have 

the muscle preparation as thin as possible. This t~as 

accomplished by removing the fascia from the surface of the 

muscle. A small portion of the fascia was raised from the 

muscle with a forceps and trimmed away with a curved scissors. 

A number of very small ves.sels feeding the fascia were cut in 

the process. When they bled, they were tied close to the muscle 

surface using 4-0 silk ligature. During the removal of the 

fascia, as at all other times during the surgical preparation, 

the muscle was kept moist and warm. 

If the preparation was to be used for active hyperemia 

studies, at this time the nerve was isolated. Initially, the 

muscle was carefully raised and the location of the femoral 

nerve as it passes through the sartorius muscle \~as determined. 
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This required that some of the large vessels near the lateral 

circumflex be ligated and cut. The femoral nerve was ligated 

and cut caudal to the muscle to prevent the entire limb from 

twitching when the nerve was stimulated. The muscle was then 

lowered and a hemostat was used to secure the ligatures on the 

muscle to the adjacent skin, thereby preserving the normal 

muscle length. Next, the femoral nerve cranial to the sartorius 

was exposed. The nerve lies about 1 cm lateral to the femoral 

artery and vein. A hemostat was used to carefully isolate a 

portion of the nerve so that electrodes could be permanently 

placed around the nerve. We found it best to use flexible 

silver wire for the electrode. 

If autoregulation or reactive hyperemia studies were to 

be carried out, it was necessary to control perfusion pressure. 

To do this, a snare was placed around the abdominal aorta. 

Initially we made a midline incision in the lower abdomen. Care 

was taken to tie off all vessels that were bleeding. A hemostat 

was used to expose a short segment of the abdominal aorta 

immediately above the illiac arteries. 1-0 silk ligature Has 

used as the snare. By applying tension to the snare, the 

perfusion pressure to the muscle and to the entire hindlimb was 

reduced. 

In all experiments, arterial and venous pressures to 

the muscle were monitored using Statham pressure transducers. 

The transducers were connected to cannulas in the contralateral 
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femoral artery and vein at the level of the lateral circumflex 

vessels. 

Upon completion of the surgery the cat was placed on its 

right side on a microscope stage modified to hold the whole 

animal. The muscle was folded out (dorsal side facing up) at 

its in situ length. In order to maintain the muscle's .in vivo 

temperature of 35 0 C, warm water was circulated through the stage 

on which the muscle was mounted. Do\o/ Corning stopcock grease 

was used to cover the cut edges of the muscle and the remainder 

of the muscle was covered with polyvinyl film (Saran Wrap, Dow 

Corning). The muscle was kept moist and warm until all areas 

were covered with Saran Wrap. (Saran Wrap has a low oxygen 

permeability (1.5 ml/100 sq in/24 hrs per ATM at 75 0 C).) 

An intravital video microscope (Figure 1) was used to 

observe the microcirculation and make microcirculatory 

measurements (Johnson and Intaglietta, 1976; Holcomb, 1978). A 

150 watt xenon light source was used to transilluminate the 

sartorius muscle. The dual-slit technique (Johnson and Wayland, 

1 9 6 7) \-1 a sus edt 0 mea sur e the vel 0 cit Y 0 f the red b 1 0 0 d cell s. 

The error of this method is estimated to be ±2% (LaLone and 

Johnson, 1978). A Sony AV-3650 tape recorder was used to record 

the video image of the microcirculatory bed. The video tape was 

played back to analyze vessel diameter and microcirculatory bed 

architecture. Total video magnification was 400X, 800X, and 

1300X respectively, for the Leitz UM10 (N.A. 0.22), UN20 (0.33), 

and the UH32 (0.30) objectives. Vessel diameter Has determined 
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either off-line from the video tapes or on-line from video 

display by use of the manual or automatic diameter analyzing 

machine (MADAM) constructed in our laboratory. On-line diameter 

measurements were advantageous since these data could be entered 

into a PDP-11/40 laboratory computer (Digital Equipment 

Corporation) with other on-line measurements for immediate data 

storage and analysis. 

The systolic and diastolic arterial pressures, hindlimb 

venous pressure, venular dual-slit red blood cell velocity, and 

commonly venular diameter were entered on-line into the computer 

for calculation of vessel volume flow (nl/sec), mean blood 

pressure (mm Hg), mean velocity (mm/sec), and normalized 

veloci ty (sec- 1). Vessel volume flow l'laS calculated using the 

Baker and Wayland (1974) equation: Volume Flow (Q)=(Dual-slit 

velocity/1.6)*(TDVessel diameter 2 /4). The valu~ of 1.6 

represents the ratio of dual-slit velocity to whole blood 

velocity obtained in glass tubes larger than 10 ~Dl internal 

diameter (Baker and Wayland, 1974; Lipowsky and Zweifach, 1978). 

For vessels below 10 11m internal diameter, a factor of 1.3 was 

used (Lipowsky and Zweifach, 1978). The mean velocity was 

calculated using the equation: Dual-slit velocity/1.6 (Baker and 

\'layland, 1974). Normalized velocity, or pseudo-shear rate, was 

calculated using the equation V/D=U, where V is the mean 

velocity and D is the vessel diameter. (The normalized velocity 

is 1/8 of the wall shear rate when the velocity profile is 

parabolic (Lipowsky, 1975).) Routine statistics such as mean, 
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standard deviation, paired and unpaired t-test analysis were 

performed on the computer using standard programs. 

The arterial pressure to the muscle was controlled using 

the previously-described snare around the abdominal aorta. (We 

note that a similar snare could be placed around the ascending 

vena cava to control venous pressure although this was not done 

in our experiments). The snare was brought over a pulley and 

attached to a lever whose position was controlled by a Gould 

penmotor. The penmotor was controlled by a servo system, which 

utilized the measured arterial pressure and applied a variable 

tension to the snare· thus adjusting femoral artery pressure to 

the level set by a potentiometer. 

Care was taken not to place the sn~re cranial to the 

caudal mesenteric artery since in this position pressure 

reduction elicited a considerable sympathetic response. While 

there was no increase in the heart rate, the systemic pressure 

measured in the carotid artery, increased from 100 mm Hg to 120 

mm Hg. In addition, perfusion pressure to the muscle could not 

be maintained constant at a reduced level. 

In active hyperemia studies a silver electrode was 

attached to the nerve and a Grass Model S48 Stimulator was used 

to stimulate the nerve. The stimulus parameters were 15 volts, 

0.02 msec pulse duration, 3 pulses per second for 60 seconds. 

Since the femoral nerve contains vasomotor fibers of the 

sympathetic nervous system, excitation of these fibers would be 

undesirable as it would induce vascular responses. A pulse of 
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longer duration (2.0 rosec) was tested to determine if the 

stimulus parameters chosen were below the threshold for 

vasoconstrictor fibers. There lvas no constriction of arterioles 

and venules at the longer duration, therefore, the sympathetic 

fibers were probably not stimulated. Increasing the stimuli 

from 15 to 25 volts increased the exercise hyperemia 

approximately 50% but there lvas no constriction of arterioles 

and venules at the higher voltage. 

Hematoc~its in the venous network were determined using 

fluorescent labelled red blood cells (Klitzman et al., 1982; 

Sarelius and Duling, 1982). Before labelling, fresh cat red 

blood cells WBre washed with 155 mM saline. The cells were 

added to a fluorescein-isothiocyanate (FITC) and dibasic 

phosphate solution and the pH was adjusted to 7.8. The cells 

were stored in a refrigerator at 40 c for approximately 18 hours. 

The red cells were then washed and resuspended in 155 mM saline 

at a hematocrit of approximately 40%. 

Approximately 0.1 to 0.2 ml of labelled red blood cell 

sus pen s ion lv a sin j e c ted i n t r a v e no u sly. The stu die s lv ere don e 

with an Otholux II microscope using the FITC filter cube and an 

RCA IS IT camera. The muscle could be transilluminated with an 

incandescent light source or epi-illuminated with a Ploempak 

using a stobe xenon light source. The fraction of red cells 

which were fluorescent (f) was determined by withdrawing blood 

from the animal during the experiment and later counting 

labelled and unlabelled cells on several blood smears. 
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The hematocrit of blood in the venul~s was computed froQ 

the formula, H=127nV/(fD2L), where n is the number of 

fluorescent red cells in a vessel segment of length L, D is the 

diameter, and V is the mean red cell volume. The mean red cell 

volume of the cat is 57.0 pm3 (Lipo~ISky, Kovalcheck, and 

Zweifach; 1978). In large venules the hematocrit was computed 

by counting the number of fluorescent cells in a vessel of 

length L during a single frame. Approximately 10-20 frames were 

studied and the average number of fluorescent cells was 

calculated. In small venules, in order to reduce the error in 

the measured hematocrit, it was necessary to count the number of 

fluorescent cells in a vessel segment of length L for a 10-20 

second period (300:...600 frames). 

The venous architecture of the sartorius muscle was 

studied from video tapes of the venous network. The microscope 

field was positioned so that the architecture of collecting 

venules and several branching orders downstream could be 

observed. A scaled montage was constructed during the video 

tape playback of the scans by tracing the vessels evident on the 

video monitor onto tracing paper. The montages could then be 

used to evaluate venous length, number, and branching pattern. 

In addition, the large venules in the cat sartorius 

muscle were studied from gelatin casts of the vasculature. A 

technique similar to that developed by Hales and Carrington 

(1971) was used. The vasculature of the hindquarters of an 

intact cat was flushed Hith several different solutions. 
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Ini tially, a 1 % gela tin-Normasol solution t.,ras infused into the 

descending aorta. The vasculature was then flushed with a 

papaverine (0.04 mg/cc)-gelatin-Normasol solution to maximally 

dilate the vessels. A Formaldehyde-gelatin-Normasol solution 

was infused to fix the vessels at this diameter. Finally, a 4% 

gelatin solution with ink (Speedball Pigmented Opaque Blue Ink, 

Hunt Hanufacturing Co.) and 4.5 Jll/ml of 25% Glutaraldehyde t.,ras 
\ 

infused. The Glutaraldehyde caused the gelatin to polymerize in 

approximately 20 minutes. The cat was terminated with a 0.5 cc 

intravenous injection of a euthanasia solution (Beuthanasia-D 

Special, Burns-Biotec) and placed in a freezer (30C) for ·12 

hours after which the muscle was removed. The muscle was 

dehydrated bi placing SucC&ssi~ely in solutions containing 

distilled water and 25, 50, 75, 95, and 100% ethanol for 6-12 . 
hours each. The muscle t.,ras then immersed for several days in 

repeated changes of methylsalicylate to clear the"muscle for 

viewing. These casts could be used to study length, number, and 

branching pattern of the large venules. 

The Venous Microcirculation 
Under Control Conditions 

Results 

There are six orders of venules in the cat sartorius 

muscle. The vessel orders were assigned according to the scheme 

of Wiedeman (1962). Data on venular diameter, dual-slit red 

cell velocity, normalized velocity, venular volume flow, 
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diameter ratio of daughter to parent vessel, and volume flow 

ratio of daughter to parent vessel are summarized in Table 2. 

The first order venules have an average diameter of 178.7 ~m in 

vivo and are paired in a parallel fashion with the first order 

arterioles. First order venules empty into the femoral vein or 

the lateral circumflex vein approximately at right angles 

(Figure 2) and originate where arcading second order venules 

join together. Volume flow in first order venules averaged 86.2 

nl/sec or 0.0052 mIl min. Considering that volume flow in this 

muscle is 3.2 ml/min/100 g (Johnson et al. 1976) each first 

order venule drains about 0.16 g of tissue. Second order 

venules have a diameter of 83.9 pm or approximately half that of 

first order venules. They form end-anastomotic connections with 

other venules of the same order. Volume floH' in each of these 

vessels is about 18% of that in first order venules, suggesting 

that there may be 5 to 6 second order venules for each first 

order venule. Under normal conditions, flow in the second order 

venules is uni-directional; at confluence pOints, however, flow 

may reverse or stop momentarily as arterial pressure is reduced. 

Second order venules are paired with arterioles and are parallel 

to the muscle fibers. Third order venules have a mean diameter 

of 56.2 ~m (see Table 2) or two-thirds that of second order 

venules and empty into second order venules at right angles. 

Third order venules run obliquely to the muscle fibers and are 

paired with a third order arteriole for only a portion of their 
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length. From the volume flow data it appears that there are 

about 16 third order venules far each secand arder venule. 

Fourth order venules are ariented samewhat perpendicular to the 

principal plane of the muscle, have a mean diameter slightly 

less than half that of third arder venules (24.2 pm) and carry 

the blood supply from the various muscle layers to. third order 

venules. Fram volume flaw data it appears that there are 14 

fourth order venules far each third order venule. The terminal 

vessels (fifth and sixth order) have a very complex 

architectural pattern (Figure 3). Fifth and sixth order venules 

have diameters about half that of the parent vessels and volu6e 

flaw data suggest daughter to. parent b~anch ratias af abaut four 

to. ane (see Table 2). 

Micravessel hematacrit measurements were. perfarmed an 54 

venules af 4 cats having a systemic hematacrit af 38.2%±2.4. 

The trends in Figure 4 demonstrate an increase in mean 

hematacrit fram approximately 16% in sixth arder venules (9.2 

pm) to. 31% in second arder venules (64 pm). The mean hematocrit 

in 17 pm fifth order venules (19%), hawever, was higher than the 

mean value af 17% measured in faurth (26 pm) and nearly as high 

as the 20% measured in third (44 }lm) order venules. This may 

reflect the greater variability af single vessel hematacrit in 

smaller venules. For example, the hematacrit in fifth order 

venules ranged from 9.2;~ to 45.8%. 
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Figure 2. Photograph of the vasculature in cat sartorius muscle injected with gelatin and 
cleared in methyl salicylate. Lower border is the thick region of the muscle~ 
At the upper border is the femoral artery and vein while at the left border is 
the circumflex artery and vein. Visible are first~ second, and third order 
arterioles and venules~ 0 

~ 
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Figure 3. Scaled montage of the venules in cat sartorius muscle. 
Visible are fourth, fifth, and sixth order venules and 
a portion of the capillary network. 
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Table 2. Mean venular diameter, dual-slit velocity, normalized velocity, and venular 
volume flow for the venous microcirculation. 

Vessel Order 1st 2nd .3rd· 4th 5th 6th 

(n) (10) (35) (66) (68) (45) (28) 

Venular 
Diameter 178.7+41. 4 83.9+30.7 56.2+20.3 24.2+7.2 13.2+4.4 6.8+2.3 
(urn) 

Dual-Slit 
Velocity 5.40+4.67 3.17+4.01 0.49+0.42 O. 2HO. 15 0.15+0.09 0.IHO.07 
(mm/sec) 

Normalized 
Velocity 19.7+18.0 23.2+27.5 5.5+4.5 5.8+4.7 8.2+5.1 12.3+7.7 
(sec-I) 

Venular 
Volume Flow 86.2+65.2 15.8+23.7 0.98+1.13 0.072+0.073 0.017+0.017 0.004+0.005 
(nl/sec) 

Diameter 
Ratio 0.47 0.67 0.43 0.54 0.51 
(daughter/parent) 

Volume Flow 
Ratio 0.184 0.062 0.073 0.236 0.235 
(daughter/parent) 

0 
t~1 
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Effect of Arterial Pressure Reduction 
on the Venous Microcirculation 

107 

The effect of arterial pressure reduction on vessel 

diameter, dual-slit red cell velocity, volume flow, and 

normalized velocity was examined in the six different orders of 

venules. The effect of arterial pressure reduction on a second 

order venule is shown in Figure 5. The perfusion pressure to 

the muscle was reduced from an average initial value of 110 mm 

Hg to 80, 60, 40, or 20 mm Hg for a two minute period with three 

minute control periods between pressure reduction intervals. 

There was no change in venular diameter during any period of 

arterial pressure reduction or du~ing the reactive hypere~ia 

period. Both dual-slit velocity and venular volume flow. fell 

17% when arterial pressure was reduced to 80 mm ·Hg and 21% when 

arterial pressure was reduced to 60 mm Hg. Hhen arterial 

pressure was reduced to 40 and 20 mm Hg both dual-slit velocity 

and venular volume flow fell 28% and 45% respectively. The 

dual-slit velocity and venular volume flow increased to between 

8 and 40% above control during the reactive hyperemia phase but 

returned to normal within 1 to 2 minutes. 

Figure 6 is a composite graph showing venular diameter 

in six orders of venules during arterial pressure reduction. No 

significant change in diameter was detected in the venules when 

arterial pressure was reduced to 80, 60, 140, or 20 mm Hg. The 

sta tistical significance at the P<0.05 level was determined by 

comparing absolute values for the measured variables at arterial 
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pressures of 80, 60, 40, and 20 mm Hg with control values using 

a paired t-test. 

The effect of pressure reduction on dual-slit velocity in 

six orders of venules is shown in Figure 7. With arterial 

pressure reduction to 80 and 60 mm Hg there was a significant 

decrease (P<O.OS) in dual-slit velocity in first order venules 

(21% reduction at 80 mm Hg and 37% reduction at 60 mm Hg) and in 

second order venules (15% reduction at 80 mm Hg and 20% 

reduction at 60 mm Hg). At these same pressures, there was no 

significant decrease in dual-slit velocity in third, fourth, 

fifth, and sixth order venules. Dual-slit velocity decreased 

significantly in all vessels except the fourth order venules 

when the perfusion pressure was reduced to 40 mm Hg (15%-52% 

reduction). When arterial pressure was reduced to 20 mm Hg 

dual-slit velocity fell significantly in all venules (42%-70%' 

reduction). 

Since venular diameter did not change significantly 

during arterial pressure reduction, the dual-slit velocity 

measurements described above also reflected the volume flow 

trends in the venular network. Volume flow data for all orders 

of venules showed significant autoregulation with arterial 

pressure reduction to 80, 60, 40, and 20 mm Hg (Figure 8). 

Autoregulation was determined by calculating the autoregulatory 

index (F2,rP1/F1"P2)' where F is volume flow and P is the 

arterial-venous pressure difference.) An autoregulatory index 

greater than indicates autoregulation. There Has a 
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significant decrease (P<0.05) in volume flow in first and second 

order venules when arterial pressure vias reduced although there 

was also a degree of autoregulation evident. Hhen arterial 

pressure was reduced to 80 mm Hg the blood flow fell 21% in 

first order venules (autoregulatory index=1.1) and 15% in second 

order venules (autoregulatory index=1.1). When arterial pressure 

was reduced to 60 mm Hg the blood flow fell 38% in first order 

venules (autoregulatory index=1.0) and 22% in second order 

venules (autoregulatory index=1.4). At these same pressures, 

third, fourth, fifth, and sixth order venules did not show a 

significant decrease in volume flow (autoregulatory indices 

between 1.1 and 1.4 at an arterial pressure of 8~ mm Hg and 

betvleen 1.4 and 1.7 at an arterial pressure of 60 mm Hg). 

The significant reduction in volume flow in first and 

second or~er venules and the lack of such reduction in third, 

fourth, fifth, and sixth order venules during arterial pressure 

reduction to 80 and 60 mm Hg may be due to the fact that first 

and second order venules also drain the peripheral regions of 

the muscle where the tissue was cut and ligated during surgical 

preparation while the smaller venules studied were located in 

the thin central portion of the muscle which was some distance 

from the areas that were traumatized during surgical 

preparation. 

Hith greater degree of arterial pressure reduction (to 

40 and 20 mm Hg) all orders of venules, except the fourth and 

fifth order venules when arterial pressure was reduced to 40 mm 
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Hg, showed a significant decrease (P<0.05) in blood flovl even 

though there was significant autoregulation. With arterial 

pressure reduction to 40 mm Hg the blood flo,~ fell 14%-51% 

(autoregulatory indices of 1.4-2.4) while with arterial pressure 

reduction to 20 mm Hg the blood flow fell 46%-72% 

. (autoregulatory indices of 1.5-3.3). 

To evaluate the possible effect of arterial pressure 

reduction on the viscosity of blood in the venous 

microcirculation in the framework of existing ~ vivo and in 

vitro studies we have computed the normalized velocity of blood 

(mean velocity/diameter) as an index of wall shear rate (Figure 

9). The trends of changes in normalized velocity were identical 

to those for dual-slit velocity and venular volume flow since 

venular diameter did not change during arterial pressure 

reduction. It is noteworthy, however, that the normalized 

velocity is extremely low (23.0-4.2 sec- 1 ) in the venules of 

skeletal muscle under control conditions, particularly in third 

(4.2 sec- 1 ) and fourth (5.6 sec- 1 ) order venules. The 

normalized velocities in these vessels fell during arterial 

pressure red~ction reaching minimum values during arterial 

pressure reduction to 20 mm Hg (7.2-2.5 sec- 1 ). At this 

arterial pressure the lowest values were again observed in third 

and fourth order venules (2.5 sec- 1 and 2.9 sec- 1 

respectively). 

Arterial pressure reduction had relatively little effect 

on the number of venules in which blood was flowing. There was 
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no flow stoppage in any of the six orders of venules when the 

arterial pressure was reduced to 80, 60, and 40 mm Hg. Hhen 

arterial pressure Has reduced to 20 mm Hg, however, flo~-l stopped 

in 15.4% of the second order venules, 7.1% of the third order 

venules, and 9.1% and 8.3% of the fifth and sixth order venules 

respectively. 

Effect of Hotor' nerve Stimulation 
on the Venous Microcirculation 

The effect of one minute periods of muscle contraction 

during motor nerve stimulation on diameter, dual-slit velocity, 

volume flow, and normalized velocity was studied in five orders 

of venules. First order venules were not studied because the 

amount of light passing through these venules was usually not 

sufficient to measure dual-slit velocity during the increases in 

volume flow that occured during the exercise hyperemia period. 

The effect of muscle contraction on a 44.5 pm third order venule 

is shown in figure 10. No microcirculatory measurements could 

be obtained during motor nerve stimulation. As shown in Figure 

10, there was no observable change in diameter 10 seconds 

immediately after the end of nerve simulation, or at one and 

three minutes following the end of stimulation. (In Figures 11, 

1 2 , 1 3 , :;t n d 1 4 the val u e s 1 0 sec 0 n d s aft e r the end 0 f 

stimulation are the averages during a 10 second time period. 

The values one and three minutes after the end of motor nerve 

stimulation are one minute averages.) Both dual-slit velocity 
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and venular volume flow increased 615% 10 seconds after the end 

of muscle contraction and returned to normal after three 

minu tes. 

No significant change in venous diameter was detected in 

the five orders of venules 10 seconds after the end of muscle 

contraction, or at one and three minutes following the end of 

stimulation (Figure 11). 

There was a significant increase in dual-slit velocity 

in all orders of venules .after the cessation of muscle 

contraction (Figure 12). Average increases in dual-slit 

velocity 10 seconds after the end of exercise ranged from 

in second order· venules to 397% in third order venules. 

dual-slit velocity remained elevated in all venules 

118% 

The 

(not 

significantly greater at P<0.05 in the sixth order venules) 

during the first minute after the end of exercise with averaGes 

ranging from 57% above control in second order venules to 266% 

above control in third order venules. By the third minute aual

slit velocity had returned to control in the second, fifth, and 

sixth order venules. Dual-slit velocity remained slightly 

elevated in third and fourth order venules during the third 

minute (averages of 35% and 25% respectively above control), but 

returned to control during the following minute. It is possible 

that second order venules didn't show much exercise hyperemia 

because they also drain the peripheral regions of the muscle 

that were traumatized during surgery. This finding would be 
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consistent with our finding that large venules didn't show much 

blood flow autoregulation during arterial pressure reduction. 

Calculated venous volume flow showed the same trends as 

dual-slit velocity (Figure 13) since diameter was unchanged. 

Volume flow was significantly increased 10 seconds after the end 

of exercise in all orders of venules except the sixth order. 

There were some notable differences in the magnitude of change 

in the different orders. For example, calculated volume flo\.; 

increased 177% in sixth order venules 10 seconds after the end 

of exercise (this was not significant at the P(0.05 level) while 

volume flow increased 256% in fifth order venules 10 seconds 

after the end of exercise. In addition, calculated volume flow 

increased 260% in fourth order venuies 10 seconds after th~ end 

of exercise while volume flow increased 416% in third order 

venules during this same time period. 

The trends of changes in normalized velocity following 

muscle contraction were identical to those for dual-slit 

velocity and venular volume flow since venular diameter was 

unchanged during arterial pressure reduction. Under control 

conditions, 

(Figure 14), 

6.0 sec-1 

the normalized velocity in the venules was low 

ranging from 50.7 sec- 1 in second order venules to 

in both third and fourth order venules. The 

normalized velocities increased dramatically after the end of 

exercise with maximum values ranging from 99.4 sec-1 in second 

order venules to 17.5 sec-1 in sixth order venules 10 seconds 

after the end of muscle contraction. 
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He occasionally observed an increase in the number of 

capillaries with blood flow during post-exercise hyperemia. In 

addition, playback of the videotapes indicated that there was a 

small increase in the number of sixth order venules (less than 

5 % ) \,1 i t h b 1 00 d flo w folIo \'l in g ex e r cis e • T his val u e ~'l a s 

determined by looking at 25 venular networks, with approximately 

order venules per field, and observing 4 sixth order venules in 

which blood began to flolv following exercise. He di'd not see an 

increase in the number of fifth, fourth, third, or second order 

venules with blood flow following exercise. 

Discussion 

The exteriorized cat sartorius muscle preparation 

provides the opportunity for measuring diameter, dual-sli t red 

cell velocity, hematocrit, and pressure in single venules as 

well as monitoring and control of venous and arterial pressure. 

The preparation, therefore, is well suited for autoregulation 

and reactive hyperemia studies. Since the nerve supply is 

intact, sympathetic vasomotor tone is present and the muscle can 

be exercised by stimulating the nerve. Some of the other 

advantages of the exteriorized sartorius muscle preparation are: 

1) the surgical preparation time is brief; 2) vessel cannulation 

and arterial and venous perfusion circuits are not required; 3) 

it is not necessary to heparinize the blood; and 4) in our 

experience constant vascular tone is maintained for extended 
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time periods (8-16 hours). A shortcoming of the preparation is 

that continuous measurements of total blood flow are not 

possible. 

Several investigators have studied venous resistance and 

its role in circulatory homeostasis. The work, however, has 

largely been carried out on whole organ preparations. Johnson 

and Hanson (1962) found that mean isogravimetric capillary 

pressure in the isolated dog intestine tended to be maintained 

and venous resistance increased as arterial pressure was 

reduced. Fronek and Zweifach (1974) measured pressures in 

venules of the isolated cat mesentery using the sevonulling 

method and simul taneously measured venous outflow in the 

intestinal loop. Combining these measurements they found that 

the calculated venous resistance increased by 60% to 230% when 

arterial pressure was reduced. 

Thulesius and Johnson (1966) found that the calculated 

venous resistance increased 260% in the isolated dog hindlimb 

preparation as the arterial pressure was reduced from 110 to 30 

mm Hg. Oberg et al. (1975), using the isogravimetric technique, 

found that venous resistance increased 159% in cat calf muscle 

when flow was reduced 83%. 

Thulesius and Johnson (1966) also studied the effect of 

exercise on the dog hindlimb muscle preparation. They found 

that as flow increased 100-300%, there was a 50-75% reduction in 

venous resistance. 
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These experiments suggested that venous resistance Has a 

variable which changed substantially during alterations in 

arteriolar resistance and blood flow. 

The parameters that may alter resistance (R) in a 

microcirculatory bed can be deduced from Poiseulle's equation, 

R= 8 l"l I1tr 4 , where 1, r, and'll denote vessel length, vessel 

radius, and viscosity of blood respectively. In addition, a 

c han g e i nth e n u m b e r 0 f ve sse 1 s to[ i t h b I 0 0 d flo H w 0 u I d h a v e an 

inverse effect on resistance. 

Because venous resistance is proportional to radius to 

the fourth povrer, this determinant of venular resistance could 

be very import~nt. Our results indicate, hOHever, that venular 

diameter does not change significantly during arterial pressure 

reduction. This is not in agreement with the findings of 

Gaehtgens and Uekermann (1971) who found in studies on the 

isolated dog mesentery that 27-148 ~m venules decreased in 

caliber approximately 14% when arterial pressure was reduced 

from 100 to 20 mm Hg. Their experiments Here conducted on a 

denervated preparation Hith a large veia pressure of 0 mm Hg, 

where ours were on an innervated preparation with a venous 

pressure averaging 2.3 mm Hg. Possibly the slightly higher 

venous pressure in our preparation was sufficient to more fully 

distend the venules. Hellander (1960), using the volume 

plethysmograph, found that reducing the arterial pressure fro m 

140 mm Hg to approximately 10 mm Hg in the cat hindquarters 

decreased blood volume 7-10%. Mellander suggested that the 
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decrease in blood volume was due to passive recoil of the 

capacitance vessels. It is possible that veins in the skin of 

the hindquarter preparation or possibly skeletal muscle veins 

larger than 200 pm were responsible for the mobilization of 

blood that Mellander observed. 

Our results also indicate that venular diameter does not 

change significantly in post-exercise hyperemia. This is not in 

agreement with the observations of Kjellmer (1964) who found in 

studies on isolated calf muscles of cats that exercise was 

accompanied by an initial rapid increase in blood volume which 

was graded tdth severity of exercise. Kjellmer suggested that 

this was the result of venous distension caused by an increased 

pressure head. The veno'us distension in this preparation may 

have occurred in veins larger than 200 pm, which we did not 

study. 

Our findings that venular diameter does not change 

during arterial pressure reduction or exercise hyperemia ruay be 

explained by Oberg's (1967) findings. Oberg's data indicates 

that as transmural pressure was reduced from 30 to 9 mm Hg there 

was no change in diameter of a segment of inferior vena cava. 

Pressure reduction to 5 mm Hg, hot-lever, increased apparent 

diameter slightly. Oberg suggested that a transmural pressure 

of approximately 8-10 mm Hg was necessary to keep veins in a 

fully circular shape but when pressure fell below 6 mm Hg in the 

larger veins there was a certain degree of collapse. In a 

subsequent study (House and Johnson, 1983) ~.,e found pressures 
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in small venules «30 ~m) to be approximately 20 mm Hg under 

control conditions. The pressures in these vessels fell to 10 

mm Hg when arterial pressure was reduced to 20 mm Hg. If 

Oberg's data are applicable to the venules, they would predict 

no change in the diameter of these venules during arterial 

pressure reduction. This is consistent with our findings. 

Pressures in larger venules (40-200 pm) of cat sartorius muscle 

were greater than 9 mm Hg under control conditions and should 

maintain these vessels fully circular. The pressures in these 

vessels fell to approximately 7 mm Hg when arterial pressure was 

reduced to 20 mm Hg which according to Oberg's data may lead to 

partial collapse of these veins. Our data indic~te, however, 

that there'was no change'in the venular diameter. This suggests 

that pressure in these vessels was high enough to prevent 

passive collapse. In addition, the presence of supporting 

structures surrounding cat sartorius muscle venules may have 

prevented diameter changes. 

The absence of diameter changes in the venules of 

sartorius muscle suggests that changes in skeletal muscle venous 

resistance observed in whole organ experiments may not be due to 

passive changes in the diameter of these vessels. This finding 

agrees with the observations of Thulesius and Johnson (1966). 

They found that venous resistance of the hindlimb increased with 

arterial pressure reduction even though venous pressure was 

elevated with each arterial pressure reduction to maintain 

constant limb weight. The increase in venous pressure should 
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have prevented passive collapse of the venules and increases in 

venous resistance by this means. 

Changes in the number of venules with blood flow could 

also affect the venous resistance. To our knowledge, this 

possibility has not been studied previously. t-le found no flow 

stoppage in venules until arterial pressure was reduced to 20 mm 

Hg and then generally less than 10% of the venules were 

affected. 

By direct observation we determined that flow stoppage 

in venules, when it was seen, was not due to constriction of the 

vessels in the region where stasis occurred. stasis could also 

be due to reduction of shear force to such a level that it is 

below the yield stress of the blood in these vessels. Since the 

total arterial-venous pressure gradient was only about 15 mm Hg 

at this time, the shear force in some venules may have been very 

low. Stasis apparently does not occur except at an arterial 

pressure of 20 mm Hg and, therefore, does not play an important 

role overall in the increased yenous resistance seen lvith 

arterial pressure reduction. 

In post-exercise hyperemia, we occasionally observed an 

increase in the number of capillaries and sixth order venules 

with blood flow. We also noted a discrepancy in the flow 

increase between the third and fourth order venules (+416% vs 

+256% 10 seconds after the end of exercise) which could be 

explained by an increase in the number of fourth order venules 

lvith blood flolv. H e did not, h 0 vI eve r , d ire c t I Y 0 b s e r v e a n 
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inorease in the number of fourth order venules with blood flow 

following exercise. An increase in the number of sixth order 

venules with blood flow during post-exercise hyperemia may also 

explain the discrepancy between the flow increases in fifth and 

sixth order venules (+256% vs +177% 10 seconds after the end of 

exercise). We did observe a small increase in the number of 

sixth order venules with blood flow (less than 5%) following 

exercise. 

Increases in the number of venules with blood flow 

during exercise could be secondary to increases in the number of 

cap i 11 a r i e s wit h b 1 0 0 d flo w ( K jell mer, 1 96 4 ; Go r c z y'n ski, 

Klitzman, and Duling, 1978~ Honig, Od~roff, and Frierson, 1980). 

Honig found that capillary density increased 150% to 300% during 

exercise. This was apparently the result of dilation of 

terminal arterioles that were already open as well as the 

opening of new arterioles. When flow begins in certain 

~rterioles and capillaries, flow may start in the assoCiated 

venules to complete the circuit. 

The interpretation of the dual-slit velocity measurement 

in venules must be carefully considered. Schmid-Schoenbein and 

Zweifach (1975) reported non-parabolic velocity profiles in 

venules of less than 30 )lm of the rabbit omentum. As a 

consequence of the blunted profile the correction factor used to 

calculate bulk velocity and volume flow from the dual-slit 

velocity may be less than 1.6 and may approach 1.0. During 

exercise, increases in flow may produce a more parabolic profile 
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and alter the correction factor in the opposite direction. 

Changes in the correction factor as a function of blood flow 

make clear quantitative assessments of flow changes and 

comparisons of flow changes in the different orders subject to 

errors. This may explain the discrepancy in the flow increases 

1'le observed follot-ling exercise. (It is also possible that the 

correction factor is diameter and hematocrit dependent adding to 

the difficulty.) 

Calculations of the normalized velocity in the sartorius 

muscle (as for the other reports cited below) were made assuming 

that the venules had a circular shape and the flow profile was 

parabolic. As stated above, since the velocity profile in small 

venules may be blunted, the correction factor in these vessels 

may approach 1.0, especially at low flows. Our calculations of 

nopmalized velocity may, therefore, be an underestimate by as 

much as 38%. To compare our data with that of Lipowsky et al. 

(1978), normalized veloci ty was calcula ted using a correction 

factor of 1.6 as they did, except for vessels less than 10 pm 

diameter in which case a factor of 1.3 was used. 

The third factor which may alter venous resistance is 

blood viscosity. He found the normalized velocity of blood (1/8 

of wall shear rate) in cat sartorius muscle under control 

conditions to be high (150 sec- 1 ) in large arterioles (50 pm 

diameter) and much higher (400 sec- 1) in small arterioles (8-20 

pm). However, the normalized velocity fell to 5 sec- 1 in third 

and fourth order venules (55 pm and 22 pm diameter respectively) 
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and then increased to 20 sec-1 in first order (180 pm) venules. 

Our data agree closely with computations by Green (1950), 

modified by Wiedeman (1963), based on morphological data on 

radius and total cros~-sectional area at various levels of the 

microcirculation of the dog, related to flow. These 

computations indicated that the normalized velocity was about 50 

sec- 1 in large arteries, about 200 sec- 1 in arterioles, fell to 

5 sec- 1 in venules and then increased to 25 sec- 1 in the veins. 

These estimates agree remarkably well with our data. 

Our data on the normalized velocity of blood in skeletal 

muscle are somewhat different from that found by Lipowsky et al. 

(1978) in the cat mesentery (Figure 14) who also used the 

correction factor of 1.6. The normalized velocity in the 

arterioles of that bed were somewhat less than we observed while 

the normalized velocity in the small venules was 12 times 

greater than we found in sartorius muscle. This difference may 

be due to higher vascular tone in the sartorius muscle under the 

experimental conditions or an intrinsic difference between the 

structure of the two vascular beds. 

The low normalized velocity of blood in the venous 

network of skeletal muscle under resting conditions suggests 

that the shear rate of blood in these vessels may be in the 

region where blood viscosity is shear dependent. Several 

investigators have examined the nonlinear relationship between 

normalized velocity or shear rate and apparent viscosity 

(Hhittaker and Hinton, 1933; Brooks, Goodt'lin, and Seaman, 1970; 
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Chien et al., 1966, 1969, 1975). Using a modified Couette 

viscometer, Chien et al. (1966,1969,1975) found that the 

viscosity of human whole blood (hematocrit 25%) increased from 

2.2 to 2.5 centipoise as the shear rate was decreased from 200 

to 30 sec- 1 and to 18.0 centipoise as shear rate was reduced to 

0.1 sec- 1 • In our studies the calculated wall shear rate was 

initially 40 sec- 1 in third order venules, assuming a parabolic 

flow profile. Considering that the mean hematocrit in these 

vessels was 25% the blood flow would be in the region where 

changes in shear rate may change apparent viscosity 

significantly. 

The shear rate dependence of blood viscosity depends 

critically upon hematocrit (Brooks, Goodvlin, and Seaman, 1970; 

Chien et al., 1966, 1969, 1975). Kanzow, Pries, and Gaehtgens 

(1982) measured hematocrits in the venous net, ... ork of rat 

mesentery (using the optical density technique) of 19% in 15 pm 

venules to 27% in 45 pm venules when systemic hematocrit was 

42%. Lipowsky, Usami, and Chien (1980) used the optical density 

technique in venules above 20 ~m and microocclusion below 20 ~m 

and found that the hematocrit was only 7% in 12 pm collecting 

venules and rose to 29% in 70 pm venules of the cat mesentery. 

Systemic hematocrit "las 34%. Applying the data of LipoVTsky et 

ale (1980) to venules of the sartorius muscle (at a systemic 

hematocrit 38%) we estimate hematocrits of approximately 30% and' 

25% in second and third order venules respectively. This agrees 

quite well with the hematocrits we measured in second (31%) and 
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third (20.2%) order venules of the sartorius muscle using 

fluorescent labelled red blood cells. In fourth order venules 

(26 ~m) we found the hematocrit to be slightly higher (17%) than 

predicted from Lipowsky's data (15%). Hematocrits in fifth 

order venules (17 pm) and sixth order venules (9 ~m) of the 

sartorius muscle were 19±12% and 16±5% respectively which was 

substantialy higher than the 7% and 8% respectively predicted 

from Lipowsky's data. However, our data are in substantial 

agreement with Kanzow et ale 

density method at this level. 

(1982) who used the optical 

Kanzow et a1. (1982) also found 

considerable variation of the hema to'cri t in small vessels. The 

discrepancy between Lipowsky's findings in fifth and sixth order 

venules and our Ot-ln and that of Kanzo\Ol's may be due to the use 

of the microocclusion technique • 

Our findings, as well as those cited above, indicate 

that vessels of the size of second and third order venules of 

the cat sartorius muscle have hematocrits of approximately 25%. 

(First order venular hematocrit should be somewhat higher.) 

According to Chien's studies (1966,1969,1975) on whole blood 

with a hematocrit of 25%, the shear rate at the wall of 184 

sec- 1 in first order venules and 160 sec- 1 in second order 

venules under control conditions would both be associated with a 

viscosity of approximately 2.5 centipoise. A rise in blood 

viscosity would be expected in these vessels only at an arterial 

pressure of 20 mm Hg when shear rate at the wall is 56 sec- 1 in 

first order venules and 118 sec- 1 in second order venules. 
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Viscosity in both orders of venules would increase approximately 

12% to 2.8 centipoise. Under control conditions the shear rate 

a t the wall 0 f 3 4 sec - 1 i nth i r d 0 r d e r v e nul e s vi 0 u 1 d b e 

associated with a viscosity of 2.8 centipoise according to 

Chien's data. The fall in shear ra te to 20 sec- 1 during 

arterial pressure reduction to 20 mm Hg would increase viscosity 

approximately 11% to 3.1 centipoise. Thus it appears that 

viscosity would increase only modestly (11-12%) in first, 

second, and third order venules when flow falls by 40 to 70% 

with arterial pressure reduction. 

To evaluate shear rate changes in smaller venules we 

compare our data with that from Brooks, Goodwin, and Seaman 

(1970) who studied the viscosity of blood at lower hematocrits. 

They found that the viscosity of human blood at hematocrits of 

18.2% and 8.3%, was constant at 1.6 and 1.2 centipoise 

respectively as the shear rate was decreased from 200 to 0.7 

sec-1. This suggests that because of the IOHer hema tocri ts in 

small vessels the viscosity of blood in fourth, fifth, and sixth 

order venules is essentially independent of shear rate. 

In Yi~£Q viscometry studies indicate that blood 

viscosity decreases slightly when shea~ rate at the wall 

increases. For example, 10 seconds after the end of exercise, 

we found that the normalized velocity of blood in second order 

venules doubled and wall shear rate increased from 405.6 sec- 1 

to 795.2 sec- 1• This increase in shear rate would not alter the 

viscosity of blood in the second order venules according to 
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Chien's studies. At the same time the shear rate at the wall in 

third order venules increased fiom 48 sec- 1 to 236.8 sec- 1• 

T his inc rea s e ins h ear rat e t-lO U 1 d dec rea s e b 1 0 0 d vis cos i t yin 

third order venules approximately 10%, from 2.2 to 2.0 

centipoise according to Chien's data. According to Brooks, 

Goodwin, and Seaman's (1970) in vitro data there t-lill be no 

change in the viscosity of blood in fourth, fifth, and sixth 

order venules of the sartorius muscle in post-exercise 

hyperemia. 

In vivo microcirculatory studies by Lipowsky (1975) and 

Lipowsky, 'Kolvalcheck, and Zweifach (1978) indicate a greater 

influence of shear rate on blood viscosity in the region 'of 

interest for our studies. They computed the apparent viscosity 

from the time averaged value of pressure drop and bulk velocity 

in arterioles and venules of the cat mesentery. The lesser 

effect of shear rate on blood viscosity in vitro may be due in 

part to the removal of leukocytes and platelets from blood used 

i n vis com e t e r s • Lip 0 t-1 sky eta 1. (1 97 8, 1 9 8 0) s u g g est edt hat 

leukocyte-endothelium adhesion plays a significant role as a 

determinant of apparent viscosity and intravascular resistance. 

Similarly, leukocyte-leukocyte and leukocyte-erythrocyte 

interactions as well as platelet aggregation may influence in 

vivo viscosity. 

To estimate the changes in blood viscosity during 

arterial pressure reduction in cat sartorius muscle we used 

Lipowsky's data (1975, 1978) on the in vivo relationship between 
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normalized velocity and blood viscosity. Lipowsky calculated 

the normalized velocity assuming the vessels had a circular 

s hap e and the d u a 1- s lit cor r e c t ion fa c tor ~'l a s 1. 6 • T 11 ere for e , 

the values we calculated can be compared directly with his. The 

normalized velocity of 23 sec- 1 in first order venules and 20.1 

sec- 1 in second order venules we observed under control 

conditions would be associated with viscosities of 10.4 and 11.7 

centipoise respectively according to Lipowsky's data on 51-55 u~ 

vessels. (These ~'lere the largest vessels studied by Lipowsky.) 

The fall in normalized velocity to 7 sec-1 in first order 

venules and 6.1 sec- 1 in 'second order venules of sartorius 

muscle during arterial pressure reduction to 20 ~m Hg would 

increase viscositie,s 190% to 30.2 centipoise and'193% to 34.3 

centipoise respectively. On the other hand, increases in blood 

flow during exercise decrease blood viscosity. For example, 

normalized velocity in second order venules was increased about 

100% over control 10 seconds after the end of exercise. 

Lipovlsky's data indicate that the viscosity would decrease 112~; 

(from 5.3 to 3.1 centipoise). 

Lipowsky's studies indicate that the normalized velocity 

of 4.2 sec-1 in tbird order venules of cat sartorius muscle 

under control conditions would be associated with a viscosity of 

26.9 centipoise. During arterial pressure reduction to 20 mm Hg 

the blood viscosity would increase 55% to 41.7 centipoise. The 

five fold increase in average normalized velocity in third order 

venules 10 seconds after the end of exercise would be associated 



139 

Hith a decrease in viscosity of 68% (from 20.2 to 6.4 

centipoise). 

Using a similar comparison of LipoHsky's data and our 

oHn, the normalized velocity of 5.6 sec- 1 in fourth order 

venules under control conditions Hould be associated Hith a 

blood viscosity of 19.6 centipoise. During arterial pressure 

reduction to 20 mm Hg the blood viscosity Hould increase 69% to 

33.1 centipoise. On the other hand, the four fold increase in 

normalized velocity in fourth order venules 10 seconds after 

exercise Hould be associated with a decrease in viscosity of 63% 

(from 18.8 to 7.0 centipoise). 

LipOHsky's data also indicate significant viscosity 

increases of 41% (to 16.1 centipoise) in fifth order venules and 

85% (to 14.4 centipoise) in sixth order venules Hith arterial 

pressure reduction to 20 mm Hg. Increases in blood floH and 

normalized velocity 10 seconds after exercise Hould decrease the 

blood viscosity 43% to 7.7 centipoise and 55% to 7.9 centipoise 

respectively in these tHO orders. 

Decreases in blood floH as a result of hemorrhage may 

also increase blood viscosity in the venous network. The 

normalized velocity of 28.8 sec- 1 in large venules (95 ).lm) and 

8.3 sec-1 in small venules (24.5 ).lm) of cat sartorius muscle 

before hemorrhage (unpublished data) would be associated Hith 

viscosities of 8.6 centipoise and 14.6 centipoise respectively 

according to LipoVlsky's studies. The fall in normalized 

velocity to 4.8 sec-1 in large venules and 1.7 sec- 1 in small 
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venules forty minutes following hemorrhage to 60 mm Hg would 

increase viscosities 398% to 42.8 centipoise and 255% to 51.9 

centipOise respectively. Ho\vever, ~ vitro viscometry data 

suggest that venous blood viscosity would increase 14% in large 

venules and 25% in small venules during hemorrhage to 60 mm Hg. 

The estimate of change in apparent viscosity derived 

above was based upon average values of normalized velocity for 

the various vessel orders. Because of the nonlinear 

relationship between normalized velocity and apparent viscosity, 

average values may underestimate the true effect of shear rate 

on viscosity of blood in the venous network. In vessels with a 

greater than average fall in flow, viscosity will rise 

disproportionately. A more exact estimate of the effect of 

shear rate on viSCOSity in the venular network would require a 

vessel-by-vessel analysis. For example, in 2 of the 15 third 

order venules studied normalized velocity increased above 

control values at an arterial pressure of 20 mm Hg while at the 

other extreme, in 5 venules normalized velocity fell to less 

than 1.5 sec- 1• According to Lipowsky et al. (1975, 1978) 

apparent Viscosity in venules with normalized velocities less 

than 1.5 sec- 1 will rise above 70 centipOise. Conversely, in 

the two venules in which flow rose, viscosity falls to 20 

centipoise. Computing the average apparent viscosity of the 

third order venules on a vessel-by-vessel basis blood viscosity 

r 0 s e 6 8 %. fro m 3 0 • 4 t 0 5 1 c e n tip 0 i s e • Hhen the average 

normalized velocity for the same third order venules was used to 
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calculate the apparent viscosity, an increase of 55% froQ 26.9 

to 41.7 centipoise was cocputed. Thus, the effect of shear rate 

on blood viscosity in the venous network may be even more 

pronounced than we have predicted. 

The above considerations suggest that the shear rate of 

blood in the venous network under resting conditions may be in 

the region where increases or decreases due to arterial pressure 

reduction, motor nerve stimulation, or hemorrhage may change the 

viscosity of blood in the venous network. The possible 

importance of these effects is open to varying interpretation, 

depending on whether one utilizes data from ~n vivo or in vitro 

estimates of blood viscosity. Changes in blood viscosity may be 

less prominent in "other vascular" beds. For example in cat 

mesentery the normalized velocity is much higher (greater than 

60 sec- 1 in 20-50 pm venules) under control conditions and may 

not be in the region where blood viscosity is notably ~hear 

dependent. 

Our findings are consistent with observations from 

several whole organ experiments. Thulesius and Johnson (1966) 

found that decreasing the systemic hematocrit from 47% to 28% by 

intravenous infusion of a low molecular tveight dextran solution 

significantly reduced the venous resistance increase with 

arterial pressure reduction. This suggested that the shear 

dependent visco"sity of blood might playa role in determining 

venous resistance in dog skeletal IJuscle since this effect is 

quite dependent on hematocrit. Thulesius and Johnson also 
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suggested that decreases in venous resistance as blood flow 

increased in exercise could be due to increases in blood shear 

rate in the venules which might decrease the apparent viscosity 

of blood in the venules. Data from Oberg and co-workers (1975) 

suggest that the increase in postcapillary resistance of cat 

calf muscle as flow fell 83% was partly due to a 48% increase in 

postcapillary viscosity from 1.28 to 1.9. (The ~n X~XQ 

viscosity was determined from the flow resistances for blood and 

a Newtonian fluid in sections of the vascular circuit with fixed 

vascular dimensions.) 

In conclusion, our data suggest that under control 

conditions, the shear rate and hematocrit of blood in certain 

regions of the venular network are such that blood viscosity may 

be somewhat dependent on shear rate. During arterial pressure 

reduction a reduction in shear rate in venules may lead to an 

increase in blood viscosity. At very low pressures, the number 

of venules with blood flow may also decrease. There is no 

change in diameter of the venules. It .appears that these 

findings may help explain earlier whole organ studies which 

reported increased venous resistance with arterial pressure 

reduction. Combining our findings and Lipowsky's in ~ data, 

post capillary resistance in venules less than 200 pm increased 

approximately 100% in cat sartorius muscle when blood flow was 

reduced 60%. This observation is c6nsistent with Thulesius and 

Johnson's (1966) finding that calculated venous resistance in 

the isolated dog hindlimb preparation increased 153% when blood 
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flow was r~duced 62% as well as Oberg's finding (1975) that 

venous resistance in cat calf muscle increased 159% Hhen flow 

was reduced 83%. On the other hand, in vitro viscosity studies 

suggest that there would be a much more modest increase in 

postcapillary resistance of approximately 6% when blood flow was 

reduced 60%. 

During post-contraction hyperemia our findings suggest 

that the primary means by which venous resistance may decrease 

is through a rise in shear rate of blood in the venules and a 

concomitant decrease in venous blood viscosity. In addition, 

the number of venules with flow may increase by a modest amount 

(less than 5% increase in sixth order venules). There is no 

change in diameter of the venules. Combining our observations 

with LipoHsky's data, postcapillary resistance in venules less 

than 200 pm fell approximately 54% as a result of decreases in 

venous blood viscosity when blood flow increased 250%. This is 

consisten~ with Thulesius and Johnson's (1966) finding that 

venous resistance decreased 50-75% when blood flow increased 

100-300%. Again, in vitro studies suggest a modest decrease in 

postcapillary resistance (2%) under the same conditions. 

Finally, our data suggest that during hemorrhage blood viscosity 

in the venules increases. There is no change in diameter of the 

venules. Combining our data Hith Lipowsky's, postcapillary 

resistance in venules less than 200 pm would increase 

approximately 326% when blood floH was reduced 90% during 
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hemorrhage to 60 mm Hg. 1n vitro studies suggest an increase in 

post capillary resistance of approximately 20% during hemorrhage. 

The wide difference in the postulated effects of blood 

viscosity from in vitro and in vivo studies leaves the issue 

relatively unsettled. For this reason further studies were done 

to determine directly the change in venular pressure during 

changes in blood flow--specifically during arterial pressure 

reduction (House and Johnson, 1983). 



CHAPTER 3 

MICROVASCULAR PRESSURE IN VENULES OF SKELETAL MUSCLE 
DURING ARTERIAL PRESSURE REDUCTION 

Introduction 

While precapillary resistance and the factors which 

determine it have been studied extensively (for revievl see 

Johnson and Henrich, 1975; Johnson, 1978), changes in 

postcapillary resistance have received relatively little 

attention. Changes in post capillary resistance may have an 

important influence on capillary hydrostatic pressure and 

capillary fluid balance (Pappenheimer and Soto Rivera, 1948). If 

venous resistance were invariant in the face of changes in 

arterial resistance, capillary pressure would be a direct 

function of tissue blood flow. For example, an increase in flow 

of 5 to 10 fold, such as occurs during exercise, could cause a 

large increase in capillary pressure. 

Seveial studies on whole organs have shown substantial 

changes in venous resistance during arterial pressure reduction 

and exercise (Johnson and Hanson, 1962; Thulesius and Johnson, 

1966; Fronek and Zweifach, 1974, Oberg et al., 1975; Johnson, 

1977). These changes could be due to changes in venular 

diameter, number of venules with blood flow, or the shear 

dependence of blood viscosity at low shear rates. In a 

145 
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companion study (House and Johnson, 1983) vIe found that during 

arterial pressure reduction there is no change in diameter of 

the venules while only at very low pressure does the number of 

venules with blood flow decrease. We also found that the shear 

rate of blood in venules is low and decreases further during 

arterial pressure reduction. Conversely, we found that during 

post-contraction hyperemia there is no change in diameter of the 

venules and the number of venules with blood flow may increase 

by a modest amount. We also found that shear rate in the 

venules increases 2-10 times above normal levels. Applying 

findings from in vitro viscometry studies (Brooks, Goodwin, and 

Seaman, 1979; Chien et al., 1966~ 1969, '1975) to shear rate data 

in venules it appears tha~ blood visQosity in the venules 

changes very little (approximately 6% increase) during arterial 

pressure reduction. On the other hand, findings from in vivo 

viscometry studies (LipovlSky, 1975; Lipovrsky, Kolvalcheck, and 

Zvreifach, 1978) suggest that blood viscosity in venules 

increases substantially (100% increase) during arterial pressure 

reduction. In exercise, blood viscosity in the venules ~'lould 

fall 2% or 54% depending upon vrhether in vitro or in vivo 

viscometry vras used for comparison. 

If shear rate changes cause substantia~ changes in blood 

viscosity in skeletal muscle venules over physiological flow 

ranges as suggested by the in vivo viscometry data, venular 

hydrostatic pressure should tend to remain relatively constant 
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as flow is altered. The purpose of this study was to determine 

whether this is the case. 

Material and Methods 

Twe n t y-eigh t ca t s of ei ther sex ranging in v[ e igh t 

bet wee nO. 9 and 1. 5 Kg l-l ere use d for t his stu d y. The sur g e r y , 

anesthesia, experimental set-up, data acquisition, and data 

analyses were essentially identical to those described 

previously (House and Johnson, 1983). We measured systolic and 

diastolic arterial pressure, hindlimb venous pressure, vessel 

diameter, and dual-slit red blood cell velocity. Vessel volume 

flow was calculated using the Baker and Wayland (1974) equation. 

Normalized velocitYt or pseudo-shear rate, was calculated using 

the equation V/D=U, where V is mean velocity and D ~s vessel 

diameter. 

In this set of experiments microvascular pressure Has 

measured using the servo-nulling system (Instrumentation for 

Physiology and Medicine, Inc.). After completion of the surgery 

and mounting the preparation on the microscope stage, the muscle 

surface was covered with dimethylpolysiloxane (DMPS) fluid (200 

Fluid, Dow Corning). With the DMPS covering the muscle, a thin 

layer (;20 urn) of saline solution remains over the muscle 

surface (Sullivan and Johnson, 1981a). The high solubility and 

diffusivity of oxygen in DMPS allows rapid diffusion of oxygen 

from the ambient atmosphere to the muscle surface. Since 

atmospheric levels of oxygen cause strong arteriolar 
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constriction, we controlled the gas composition over the muscle 

by enolosing the entire microscope stage, muscle, and microscope 

objective in a polyvinyl tent (Saran Hrap, DOt'l Corning). 

Throughout the experiment a gas mixture of 95% N2 and 5% C02 

was circulated through the tent. 

The servo-null pressure system was developed by 

Hiederhielm et al. (1964) and modified by Intaglietta, Pawula, 

and Tompkins (1970). Glass pipettes were formed from capillary 

tubing (Rederick Haer & Co., 30-30-1 Capillary Tubing) dravlD to 

tip diameters of 1-4 pm using a Nodel 700 G puller (David Koph 

Instruments). The pipet tips were polished using a 0.30 micron 

alumina grit surface (Arthur H. Thomas Co., 6777J58 Abrasive 

Film). The pipettes were filled by placing them in boiling 2l-1 

NaCI for 30 minutes. 

The large end of the pipette was inserted into a 

plexiglass tube and a hydraulic seal was formed between the two 

with a gasket. The plexiglass tube was connected to a thick 

walled (16 gauge) teflon tube and this hydraulic line was filled 

with 2M NaCI. This line communicated with a plexiglass chamber 

which in turn was attached to the pressure dome of a Statham P23 

GB pressure transducer. Both the chamber and the pressure 

transducer were filled with silicon oil (Dow Corning 200 Fluid). 

A moveable metal diaphragm forming the chamber base tvas 

connected to a linear motor. 

The system operated by servo control of the impedance of 

the pipette tip. Initially, the pipette was filled with 2M HaCl 
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and the tip immersed in physiological salt solution Normasol-R 

(Abbot Laboratories) to measure the impedance. Next, the bridge 

circuit in the servo-null system was balanced with the pipette 

in the circuit and the pipette tip in physiological salt 

solution at zero pressure. The principle of the system is that 

as pressure at the pipette tip increased (pressure in a 

calibration chamber, or pressure in the microcirculation) the 

physiological solution would enter the pipette and increase the 

impedance of the tip. This change in impedance would unbalance 

the bridge, causing the linear motor to generate a pressure 

level in the chamber and in the pipette equal to the applied 

pressure so as to maintain the position of the 2M NaCl meniscus 

in the tip and pipette impedance nearly constant. The 

transducer recorded the pressure developed in the hydraulic line 

by the servo motor and was, therefore, a reflection of the 

pressure outside the pipette tip. The frequency response of the 

system is 25 Hz (Intaglietta et al., 1970) and is well within 

the range to record the pulsatile events of interest in our 

studies of the microcirculation. 

To measure microvascular pressure the pipette was placed 

in a Leitz Micromanipulator and inserted into the vessel of 

interest. The microcirculatory vessel was viewed with the dual

slit video system, using a Leitz 10 urn (N.A. 0.32) or a Nikon 

H20 (0.33) objective. The pulsatile nature of the pressure 

tracing in arterioles and some venules as well as the rapidity 

of decrease in microvascular pressure during arterial pressure 
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reduction were used as criteria that the pipette tip was in the 

vessel. The pipette was repositioned if the microvascular 

pressure recording was erratic or increased with pressure 

reductions indicating the pipette tip was in the vessel wall. 

The experimental protocol included a stable 1-2 minute 

control period at normal arterial pressure followed by arterial 

pressure reductions to 80, 60, 40, or 20 mm Hg for 1-2 minute 

periods with 1 minute control periods between arterial pressure 

reduction intervals. Vessels were selected for study solely on 

the basis of adeq~ate visibility to measure dual-slit velocity 

and vessel diamete~ and to insert the pipette in the vessel 

lumen. Statistical analysis for differences were examined by 

use of a paired t-test. All significance levels are reported 

individually. 

Results 

The data recorded and variables calculated for three 

vessels during arterial pressure reduction are given in Figures 

16, 17, and 18. Measurements obtained from a second order 

arteriole are shown in Figure 16. The control diameter for this 

vessel averaged 65 pm and m~an arteriolar pressure 98 mm Hg at 

an average arterial pressure of 112 mm Hg and a venous pressure 

of 6.5 mm Hg. Dual-slit velocity and calculated arteriolar 

volume flow fell 32% and 28% respectively (autoregulatory 

index=1.0) when arterial pressure was reduced to 80 mm Hg. When 

arterial pressure was reduced to 60 mm Hg and 40 mm Hg dual-slit 
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velocity fell 40% and 63% respectively and arteriolar volume 

flow fell 45% (autoregulatory index=1.0) and 65% (autoregulatory 

index=1.1) respectively. The calculated volume flow did 

indicate a slight degree of floH autoregulation Hhen arterial 

pressure was 40 mm Hg although there was no significant change 

in arteriolar diameter during any period of arterial pressure 

reduction. The pressure in this vessel fell to 73,57, and 38 

mm Hg during arterial pressure reduction to 80, 60, and 40 mm Hg 

respectively. 

Measurements obtained from a 86 pm second order venule 

are shown in Figure 17. Under control conditions (mean arterial 

pressure 116 mm Hg and venous pressure 4.5 mm Hg) the 

microvascular pressure averaged 8.6 mm Hg. Ho change 'to/as 

observed in the venular diameter when arterial pressure was 

reduced. Both dual-slit velocity and venular volume flow fell 

less than 2% (autoregulatory index=1.4) when arterial pressure 

was reduced to 80 mm Hg and 18% (autoregulatory index=1.7) Hhen 

arterial pressure t-las reduced to 60 mm Hg. During these 

reductions in arterial pressure, venular pressure fell to 6.5 

and 6 mm Hg respectively. When arterial pressure was reduced to 

40 mm Hg both dual-slit velocity and venular volume flow fell 

28% (autoregulatory index=2.2). Venular pressure fell to 5.2 mm 

Hg. 

Shown in Figure 18 are measurements obtained from a 39 

pm fourth order venule. Under control condtions (mean arterial 

pressure 98 mm Hg and venous pressure 6.5 mm Hg) the 
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microvascular pressure was 15 mm Hg. No change was observed in 

the venular diameter when arterial pressure was reduced. Both 

dual-slit velocity and venular volume flow fell 30% during 

arterial pressure reduction to 80 mm Hg (autoregulatory 

index=0.9) and 39% vlhen arterial pressure t-las reduced to 60 mm 

Hg (autoregulatory index=1.0). When arterial pressure was 

reduced to 40 mm Hg dual-slit velocity and venular volume flow 

fell 62% (autoregulatory index=1.0). Microvascular pressure 

fell to 14.2, 13.5, and 14.5 mm Hg during arterial pressure 

reduction to 80, 60, and 40 mm Hg respectively. (Note artifacts 

in pressure trace at arterial pressure of 40 mm Hg.) 

In addition to the changes described above, transient 

changes in blood flow and microvascular pressure were noted. 

Blood flow increased slightly (1-3%) during the interval of 

reduced arterial pressure (Figures 16, 17, 18). During this 

period, pressures in second order arterioles (Figure 16) fell 1-

3 mm Hg while pressures in first, second (Figure 17), third, and 

fourth (Figure 18) order venules as well as some third order 

arterioles increased 1-2 mm Hg. 

Transient changes in microvascualar pressure t-lere also 

observed during reactive hyperemia. Pressures in second order 

arterioles (Figure 16) rose to control values quite slowly (10-

30 sec) upon return of arterial pressure to control levels while 

pressures in first, second (Figure 17), third, and fourth 

(Figure 18) order venules as well as some third order arterioles 
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Figure 16. Diameter, dual-slit velocity, calculated volume flow, and arteriolar 
pressure responses in a second order arteriole during arterial 
pressure reduction. Velocity, volume flow, and arteriolar pressure 
decreased as arterial pressure was reduced. Arteriolar diameter did 
not change during arterial pressure reduction. 
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Figure 17. Diameter, dual-slit velocity, calculated volume flow, and venular 
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during arterial pressure reduction. 
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increased rapidly above control values (1-15 mm Hg above 

control) and returned to control in 10-30 seconds. The 

magnitude of the pressure overshoot appeared to depend on the 

degree to which arterial pressure was reduced and upon the 

vessel order. For example, the magnitude of the pressure 

overshoot (expressed in percent above control values) ranged 

from a mean of 27% in fourth order venules to a mean of 45% in 

first order venules upon return of arterial pressure to control 

following reduction to 40 mm Hg for 60 seconds. When arterial 

pressure was returned to control following reduction to 80 mm Hg 

for 60 seconds, the magnitude of the pressure overshoot ranged 

fro m 5 • 1 % t 0 1 1 • 4 % i n f 0 u r t han d fir s tor d e r 'v e nul e s 

respectively. 

Figure 19 is a composite graph showing diameter in the 

six ~rders of vessels studied during arterial pressure 

reduction. No significant change in arteriolar or venular 

diameter was detected during arterial pressure reductions to 80, 

60, 40, or 20 mm Hg. There was a significant decrease in 

diameter of second order arterioles when arterial pressure was 

reduced to 60 mm Hg. We did not systematically study the effect 

of micropipette insertion on vessel diameter but 've did observe 

that arterioles dilated 25-100% when the micropipette was 

inserted and diameter did not return to control. He did 

observe, however, that arterioles t~at did not have a 

micropipette inserted dilated approximately 5-20% during 

arterial pressure reduction. This finding is fairly consistent 
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with our finding in the previous study (House and Johnson, 1983) 

that when the cat sartorius muscle is covered with Saran Wrap, 

arterioles dilate approximately 25% during arterial pressure 

reduction. 

The relation between arterial pressure and calculated 

volume flow is shot-In for each vessel order in Figure 200 ~~hen 

arterial pressure was reduced to 80 mm Hg the fall in'blood flow 

ranged from 27% in second order venules (autoregulatory 

index=1.2) to 38% in fourth ord.er venules (autoregulatory 

index=0.7). Hith greater degree of arterial pressure reduction 

(to 60 and 40 mm Hg) blood flow fell 39%-53% (autoregulatory 

indices of 0.8-1.1) and'35%-70% (autoregulatory indices of 0.7-

1.4) respectively. Overall the degree of auioregulation in 

these vessels was substantially less than in the previous study 

~-1hen the preparation was covered with Saran Hrap and the 

micropipette was not inserted (House and Johnson, 1983). 

Normalized velocity was calculated to provide an index 

of wall shear rate. These data are shown in Figure 21. The 

trends of changes in normalized velocity were similar to those 

for vessel volume flow. The normalized velocity was high (90-

152 sec-1) in arterioles but was only 9.5 sec- 1 in fourth order 

venules under control conditions. The normalized veloci ty fell 

during arterial pressure reduction, reaching values ranging from 

50.2 sec- 1 in second order arterioles to 3.1 sec- 1 in fourth 

order venules when arterial pressure was reduced to 40 mm Hg. 
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Figure 22 summarizes 260 pressure meaurecents from 16 

arterioles and 43 venules at normal arterial pressure and shows 

the distribution of pressure as a function of vessel order. (We 

have also included data from Fronek and Zweifach (1975) on cat 

tenuissimus muscle for comparison.) The microvascular pressures 

were normalized to an arterial pressure (Pa) of 100 mm Hg. 

Initial arterial pressures in cat sartorius muscle ranged from 

80 to 140 mm Hg (mean arterial pressure 106.9 mm Hg) while 

initial venous pressure ranged from 1.5 to 13.5 mm Hg (mean 

venous pressure 5.2 mm Hg). Microvascular pressures within a 

given vessel were nearly identical at normal arterial pressure 

before and after arterial pressure reduction. 

Mean initial pressures in second order arterioles (56.6 

}..lm internal diameter) Vlere 76% of Pa and in third order 

arterioles (26.0 pm) were 67% of Pa. Mean initial pressures in 

fourth order venules (24.6 pm) Vlere 18.7% of Pa while those in 

third order (42.4 pm), second order (84.6 }.lm), and first order 

(185.8 )lm) venules Here 12.7%, 12.0%, and 9.2% respectively of 

Pa. 

The relationship between microvascular pressure and 

arterial pressure for the six orders of vessels studied is shown 

in Figures 23, 24, 25 and Table 3. Pressures in the the 

arterioles (Figure 23) and venules (Figures 24 and 25) appeared 

to be a simple linear function of arterial pressure as 'vas 

evidenced by a significant positive correlation (P<0.01) between 

microvascular pressure in individual vessels and arterial 
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pressure. The only exceptions were 2 fourth order venules which 

did not have a significant positive correlation. 

Analysis of covariance was used to test the slopes of 

the individual vessels within an order to determine if the 

slopes were significanlty different. The slopes were 

significantly different (P<O.05) within a particular order, 

therefore, a single least-squares linear equation could not be 

used to describe the microvascular-arterial pressure 

relationship. Thus, we have plotted the linear relationships 

for individual vessels. The mean slope varied from O.78±O.14 

for second order arterioles to O.048±O.013 for first order 

venules (see Table 3). 

The least-squares linear equations indicate that the 

microvascular pressures in the arterioles (Figure 23) as well as 

the first, second, and third order venules (Figures 24 and 25) 

approached the systemic venous pressure when mean arterial 

pressure was reduced toward the venous pressure level. The mean 

pressures in these orders, when extrapolated to that which would 

be obtained when arterial pressure was equal to venous pressure, 

ranged from 3.5±7.1 mm Hg to 5.8±2.3 mm Hg (see Table 3), and 

were not significantly different from systemic venous pressure. 

H e a n pre s sur e i n f 0 u 1" tho r d e r v e nul e s , h 0 \-1 eve r , w hen 

extrapolated to that which would be obtained when arterial 

pre s sur e t-l a seq u a Ito v e no us pre s sur e, vI a s 1 0 • 4 ± 3 • 5 m III H g (s e e 

Figure 25 and Table 3), which was significantly higher (P<O.001) 

than the systemic venous pressure. 
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Table 3. Relationship between microvascular pressure and arterial pressure for the six 
orders of vessels studied. 

2nd 3rd 1st 2nd 3rd 4th 
Order Order Order Order Order Order 
Arteriole Arteriole Venule Venule Venule Venule 

(n) (9) (7) (6) (14) (12) (ll) 

Range of 0.51-0.97 0.34-0.90 0.034-0.70 0.019-0.148 0.023-0.190 0.017-0.183 
Slopes 

Average 0.78+0.14 0.69+0.21 0.048+0.013 0.072+0.035 0.077+0.048 0.091+0.056 
Slope 

Range of -5.8-10.8 -5.6-16.8 3.6-6.1 1.4-9.0 2.0-9.2 5.8-14.7 
Intercepts 

Average 4.0+5.9 3.5+7.1 4.9+1. 0 5.5+2.4 5.8+2.3 10.4+3.5 
Intercept 

Average 6.7+2.9 5.8+1.1 4.4+0.8 5.0+1.6 4.5+ 1. 6 5.0+1.2 
Large Vein 
Pressure (mm Hg) 
(under control conditions) 

c\ -, 
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Hindlimb venous pressure fell very little during 

arterial pressure reduction. For example, venous pressure fell 

from a mean of 5.2 to 4.6 mm Hg during arterial pressure 

reduction to 40 mm Hg. 

One of the factors that may cause maintenance of small 

venule pressure during arterial pressure reduction is blood floH 

autoregulation. To factor out the influence of floH 

autoregulation on microvascular pressure, the latter Has 

plotted as a function of blood floH in the same vessel expressed 

as percent of control flow (Figures 26, 27, 28 and Table 4). 

Microvascular pressure in individual vessels had a significant 

positive correlation (P<O.01) with vessel blood flot'l. The only 

exceptions were once again found in fourth order venules (3 out 

of 11 vessels did not have a significant positive correlation). 

The slopes were significantly different (P<O.01) within second 

and third order arterioles as well as second, third, and fourth 

order venules so a single least-squares linear equation could 

not be used to describe the microvascular pressure-blood floVl 

relationship. A single least-squares linear equation could be 

used to describe the relationship for first order venules. The 

mean slopes ranged from O.75±O.21 for second order arterioles to 

O.051±O.009 for first order venules (see Table 4). (The slope 

for first order venules using a single least-squares linear 

equation was O.046±O.007.) 

The least-squares linear equations indicate that the 

microvascular pressure in the second and third order arterioles 



169 

(Figure 26) as tV'ell as the first, second, and third order 

venules (Figures 27 and 23) approached venous pressure when 

volume flow was reduced. The mean pressures in these orders, 

when extrapolated to that which would be obtained when blood 

flot-l was reduced to zero, ranged from 3.9±3.9 mm Hg to 13.7±12.2 

mm Hg (see Table 4), and were not significantly different from 

the systemic venous pressure. Mean pressure in fourth order 

venules, hot-lever, when extrapolated to that t-lhich would be 

obtained when blood flow was reduced to zero, was 13.2±3.1 mm Hg 

(Figure 28 and Table 4), which was significantly higher 

(P<O.OO 1) than the systemic venous pressure. 

To evaluate the effect of arterial pressure reduction on 

the pressure drop in the v~nous network the fraction of the 

total pressure drop downstream from each of the four orders of 

venules was calculated. This fraction, Pi-Pv/Pa-Pv where Pi, 

Pv, and Pa denote microvascular pressure, systemic venous 

pressure, and arterial pressure respectively, was calculated for 

359 venular pressure measurements and plotted as a function of 

arterial pressure (Figure 29). A single least-squares linear 

equation could not be used to describe the relationship between 

the venous pressure fraction and arterial pressure because of 

the variations in slope among individual vessels t-lithin a given 

order. The lines presented in Figure 29 represent mean slopes 

and intercepts for individual vessels in each of the four orders 

of venules studied. 
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Table 4. Relationship between microvascular pressure and vessel blood flow for the six 
orders of vessels studied. 

2nd 3rd 1st 2nd 3rd 4th 
Order Order Order Order Order Order 
Arteriole Arteriole Venule Venule Venule Venule 

(n) (9) (7) (6) (14) (12) (11) 

Range of 0.45-1.04 0.33-0.97 0.038-0.064 0.023-0.142 0.026-0.162 0.004-0.157 
Slopes 

Average 0.75+0.21 0.56+0.22 0.051+0.009 0.086+0.035 0.07+0.04 0.064+0.051 
Slope 

Range of -7.4-23.1 -9.6-28.7 2.6-6.6 -3.4-9.8 -3.2-13.2 9.0-19.7 
Intercepts 

Average 5.2+10.1 13.7+12.2 4.9+1.4 3.9+3.9 6.4+4.4 13.2+3.1 
Intercept 

-1 
UJ 
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The fraction of the total pressure drop downstream from 

fourth order venules increased from 0.13 to 0.26 Hhen arterial 

pressure was reduced from 100 mm Hg to 40 mm Hg. This same 

reduction in arterial pressure increased the fraction of the 

total pressure drop downstream from third order venules from 

0.08 to 0.13, from second order venules from 0.07 to 0.11, and 

from first order venules from 0.05 to 0.08 respectively. 

DISCUSSION 

Values of microvascular pressure obtained in the cat 

sartorius muscle using the servo-nulling technique at normal 

arterial pressure agree closely with those obtained by Fronek 

and Zvleifach (1975, 1977) in the cat tenuissimus using the same 

technique (Figure 22). He found that pressures in second order 

arterioles (56.6 ).lm) were 76% of Pa 'o1hile Fronek and Zwe.ifach 

found that pressures in the central artery (70-100 ).lm) were 95-

90% of Pa. The fact that central arteries in cat tenuissimus 

muscle are larger than second order arterioles in the sartorius 

might explain the higher pressures in the former. Pressures in 

third order arterioles of cat sartorius muscle (26 ).lm) were 67% 

o f Paw hi 1 e Fro n e k and Z '01 e if a c h f 0 un d t hat pre s sur e sin 

transverse arterioles (20 pm) were 70% of systemic pressure. 

Pressures in fourth order venules of the sartorius muscle (24.6 

).lm) were 18.7% of Pa and agree closely with those measured in 20 

PrJ venules of the cat tenuissimus muscle (19% of Pa). He found 

that pressures in third order (42.4 ).lm), second order (84.6 ).lm) 



0.4 

0.3 

> a. 
I 

CiS 
a. ...... 0.2 > a. 
I a: 

4th Order 

0.1 

1~---======?=========::==::~::=_3rd Order 
I -2nd Order 

1st Order 

20 40 60 80 100 

ARTERIAL PRESSURE (mm Hg) 

Figure 29. Fraction of the total pressure drop downstream from each of the four 
orders of venules studied plotted as a function of arterial pressure. 
Lines represent mean slopes and intercepts for individual vessels in 
each of the four orders of venules. Details are given in text. 

--..:] 

tn 



176 

and first order (185.8 }lm) venules Here 12.7%, 12.0%, and 9.2% 

respectively of Pa. Fronek and Zweifach found that pressures in 

venules Hith similar diameters in the cat tenuisimus muscle were 

approximately 15%, 13%, and 11% of Pa. 

Our data suggest that there is a linear relationship 

between arteriolar pressure and arterial pressure during 

arterial pressure reduction. Gore (1974) and Gore and Bohlen 

(1975) measured pressures in cat mesenteric art~rioles and also 

reported a linear relationship (least-squares linear regression) 

betHeen arteriolar and arterial pressure. We found that the 

mean slope for second order arterioles (56.6 pm) with a pressure 

of 76% of Pa was 0.78 Hith a range of 0.51-0.97. Gore's data 

indicate that the slope for 57 }lm arterioles i~ith a pressure of 

70% of Pa was 0.78 which agrees closely with our data. The Dean 

slope for third order arterioles of the cat sartorius muscle (26 

}lm) t~ith a pressure of 67% of Pa was 0.69 with a range of 0.34-

0.90. Gore's data suggest a slope of 0.38 for 27 }lm arterioles 

of the cat mesentery. This slope is less than what we 

calculated for the sartorius muscle because the pressure in 27 

pm arterioles in the mesentery was only 38% of Pa. Our findings 

are consistent, however, with the findings of BurroHs and 

Johnson (1981). They also found that there was a linear 

relationship between arteriolar pressure and arterial pressure 

in cat mesentery. The mean slope for 25}lm arterioles t-lith a 

pressure of 63 mm Hg was 0.6 with a range of 0.46 to 1.08. 
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To our knowledge, the effect of arterial pressure 

reduction on pressure in the venular network in skeletal muscle 

has not been studied previously. Our data suggest that there is 

a linear relationship between venular pressure and arterial 

pressure during arterial pressure reduction. The mean slopes 

suggest that pressure would fall 0.48 mm Hg in first order 

~enules and 0.91 mm Hg in fourth order venules during a 10 mm Hg 

reduction in arterial pressure. The same reduction in arterial 

pressure would produce 6.7 mm Hg and 7.6 mm Hg reductions in 

third and second order arteriolar pressures respectively. 

Pressures in the arterioles as well as third, second, 

and first order venules approached the systemic venous pressure 

when arterial pressure was reduced. This finding is consistent 

with Gore's findings that arteriolar pressures in the mesentery 

approached venous pressure (7.0 mm Hg) when arterial pressure 

'-las reduced towards 7.0 mm Hg. 

Our data indicate, however, that pressures in fourth 

order venules were somewhat insensitive to alterations in 

arterial blood pressure. The pressure in fourth order venules 

reaches an average value of 10.4 mm Hg as arterial pressure is 

extrapolated to fecoral venous pressure. This extrapolated 

value is significantly higher than femoral venous pressure and 

indicates that when arterial pressure is reduced 60%, fourth 

order venular preSSUl'e falls only 28% from 19.5 to 14.0 mm H~. 

This suggests th2~ the fourth order venule-large vein pressure 
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drop may be maintained some\'lhat constant during arterial 

pressure reduction. 

Fronek and Zweifach (1975) suggested that pressures in 

small venules of cat tenuissimus muscle probably reflect within 

2-3 mm Hg the hydrostatic capillary pressure. Our finding that 

fourth order venular pressure is 19.7 at normal arterial 

pressure suggests that fourth order venular pressure can not be 

too far from capillary pressure and is consistent with Fronek 

and Zueifach's finding. Our observation that fourth order 

venular pressure is somewhat constant during reduction in 

arterial pressure, therefore, raises the question vlhether 

hydrostatic capillary pressure may be maintained somewhat 

constant during arterial pressure reduction. Indeed, Gore et al: 

(1974, 1975) reported that pressure in five of eight capillaries 

of the cat mesentery remained constant during changes in 

arterial pressure. The slope of the linear regression through 

these data points Has 0.04, \'lhile the average pressure in these 

vessels approached 28.3 mm Hg when arterial pressure was reduced 

towards a pressure equal to venous pressure. Zueifach (1971) 

also suggested that capillary pressure uas subject to 

physiological control. ZVleifach, making direct pressure 

measurements in rabbit omentum, found that as systemic pressure 

was reduced 44% from 90 mm Hg to 50 mm Hg the capillary pressure 

fell only 28% from 25 mm Hg to 18 mm Hg. Jarhult and Mellander 

(1974) demonstrated that as arterial pressure was decreased from 

95 to 30 mm Hg in cat lower leg muscles, net transcapillary 
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fluid movement ceasured by changes in tissue volume in the 

plethysmograph Here negligible. They suggested that the 

capillary filtration pressure remained constant as arterial 

pressure was varied. 

In an attempt to explain our observations, He considered 

the factors that control capillary hydrostatic pressure. 

Assuming that cat sartorius muscle can be represented in terms 

of a series resistance model (Pappenheimer and Soto-Rivera, 

1948), the mean capillary pressure can be defined by the 

relationship: 

where Pc, F, and Rv denote mean capillary pressure p blood flow, 

and venous resistance respectively. Equation 1 can be modified 

to: 

P(venule)=Pv+F*R(doHnstream) (2) 

where P(venule) and R(doHnstream) denote fourth order venular 

pressure and venous resistance dovrnstream from the fourth order 

venules respectively. 

From equations 1 and 2 it is apparent that blood flow 

autoregulation tends to keep capillary pressure and fourth order 

venular pressure constant (Johnson, 1978). Jarhult and 

Mellander (1974) suggested that the "autoregulation of capillary 

pressure" that they observed was mainly caused by adjustments of 

vascular tone in precapillary resistance vessels leading to 

blood flow autoregulation. 
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Our data in this study indicate that blood flow \Vas not 

\Vell auto regulated in arterioles (autoregulatory indices of 0.7 

to 1.0 with a mean of 0.9) or in venules. (autoregulatory indices 

of 0.7-1.4 with a mean of 1.0) during arterial pressure 

reduction to 80, 60, and 40 mm Hg. This is substantially 

different from our findings in the previous study (House and 

Johnson, 1983). When the muscle was covered with Saran Wrap and 

microvascular pressures were not measured the autoregulatory 

index ranged from 1.2-3.4 with a mean of 1.8 in arterioles and 

from 1.0 to 2.4 with a mean of 1.5 in venules during arterial 
I 

pressure reduction to 80, 60, and 40 mm Hg. This discrepancy 

may be explained by the findings of Sullivan and Johnson (1980, 

198~b). They reported that when the isolated cat sartorius 

muscle was exposed to a gas mixture containing 10% and 20% 

oxygen in ni trogen, blood flot.; autoregulati~n t.;as abolished in 

arterioles during arterial pressure reduction ·to 80, 60, and 40 

mm Hg. In order to insert the micropipette into the muscle for 

measurement of pressure a small hole was cut in thE: polyvinyl 

tent around the microscope stage. This may have allot'led room 

oxygen to diffuse into the tent and reduce the degree of blood 

flow regulation during arterial pressure reduction. Another 

possibility is that the micropipette interfered with blood flow 

autoregulation, particularly in arterioles where micropipette 

insertion dilated vessels and prevented arteriolar dilation 

during arterial pressure reduction •. In addition, the 
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micropipette may have interfered with blood flow in small 

venules. 

To factor out any influence of blood flovl autoregulation 

in this preparation which would tend to maintain microvascular 

pressures some~'lhat constant, microvascular pressures ~'lere 

examined as a function of vessel blood flow. Pressures in 

second 'and third order arterioles as well as in first, second, 

and third order venules approached the systemic venous pressure 

when blood flow was reduced. Once again, however, our data 

indicate that pressure in fourth order venules was maintained 

somewhat constant as arterial pressure and blood flow were 

reduced. The pressure in fourth order venules reaches an 

average value of 13.2 mm Hg as blood flow is extrapolated to 

zero volume flow. This extrapolated value is significantly 

higher than femoral venous pressure and implies that when blood 

flow falls 60%, fourth order venular pressure falls only 19% 

from ~9.6 to 15.8 mm Hg. This suggests that the fourth order 

venule-large vein pressure drop,was maintained somewhat constant 

during decreases in blood flow and the tendency to maintain the 

venous pressure gradient somewhat constant may not be due 

entirely to blood flow autoregulation. 

The second factor which may play a role in the 

maintenance of a somewhat constant fourth order venular pressure 

during arterial pressure reduction is the resistance downstream 

from the fourth order venules (equation 2). In a companion 

study we reported that there \Vas no change in dial:leter of any 



182 

venules less than 200 pm diameter during arterial pressure 

reduction (House and Johnson, 1983). In that study we also 

reported that the normalized velocity of blood in venules of 

skeletal muscle was sufficiently low to place these vessels in 

the shear dependent region where decreases in flow and shear 

rate during arterial pressure reduction may increase the 

apparent viscosity of blood in the venules and increase 

post capillary resistance. In the current study the normalized 

velocity of 17.2 sec-1 in third order venules under control 

conditions would be associated with a viscos~ty of 9.8 

c e n tip 0 i sea c cor din g t 0 Lip 0 vi sky I set a 1. (1 97 5, 1 9 7 8) i 11 V i v 0 

viscometry data. Durin"g arterial 'pressure reduction to 40 mm Hg 

t he b I 00 d vis co sit Y w 0 u I din ere a se 9 0 % • Using a similar 

comparison of Lipowsky's data and our own, the fall in 

·normalized velocity from 44.2 to 22 sec- 1 in second order 

venules and from 24.7 to 9.2 sec- 1 in first order venules 

during arterial pressure reduction to 40 mm Hg would increase 

viscosity 56% and 100% respectively. These increases in 

apparent viscosity would increase venous resistance in first 

through third order venules approximately 82% (assuming equal 

contribution to total flow resistance of the three orders) 

during arterial pressure reduction to 40 mm Hg. 

Increases in fourth order venular resistance would 

further aid in maintaining capillary pressure somewhat constant 

during arterial pressure reduction. The fall,in normalized 

velocity from 9.5 to 3.1 sec-1 during arterial pressure 
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reduction to 40 mm Hg would increase the blood viscosity in 

the s eve sse 1 s 1 3 7 % a c cor din g t 0 Lip 0 vi sky's stu die s. This 

suggests that resistance of the first through fourth order 

venules would increase approximately 96% during arterial 

pressure reduction to 40 mm Hg which is consistent with the 

finding in our previous study (House and Johnson, 1983) that 

calculated blood viscosity in first through fourth order venules 

increased approximately 125% during arterial pressure reduction 

to 20 mm Hg. 

The contribution of changes in post capillary resistance 

in maintaining a somewhat constant pressure drop in the venous 

network during arterial pressure reduction can be deduced from 

Figure 29. Figure 29 indicates that the fraction of the total 

pressure drop downstream from the site of pressure measurement 

in fourth and third order venules under control conditions was 

13% and 8% respectively. This suggests that 5% of the total 

pressure drop occurred between the site of pressure measurecent 

in fourth and third order venules. Liketdse, 1.21%,2%, and 4.7;~ 

of the total pressure drop under control conditions occurred 

between the site of pressure measurement in third and second 

order venules, second and first order venules, and first order 

venules and large vein respectively. When arterial pressure was 

reduced to 40 mm Hg the fraction of the total pressure drop 

downstream from the site of pressure measurement in fourth and 

third order venules increased to 26% and 13% respectively. This 

suggests that 13% of the total pressure drop occurred bettveen 
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the site of pressure measurement in fourth and third order 

venules when arterial pressure \'1 as reduced to 40 mm Hg. 

Similarly, 1.7%, 2.6%, and 8.5% of the total pressure drop 

occurred between the site of pressure measurement in third and 

second order venules, second and first order venules, and first 

order venules and large vein respectively. 

Because blood flow in this preparation fell in 

proportion to the driving head of pressure (mean autoregulatory 

index of 1.0), the total vascular resistance must have remained 

constant. Therefore, the above data suggest that the fraction 

of the total resistance downstream from the site of pressure 

measurement in fourth order venules increased 100% from 13% to 

26% during blood flow reduction to 40% of control. Since total 

vascular resistance remained constant, these results imply that 

resistance downstream from the 'site of pressure measurement in 

fourth order venules increased 100% during this procedure. 

The predicted increases in venular resistance from 

micropressure measurements during reductions in arterial 

pressure and blood flow are fairly consistent with the increases 

in venular resistance predicted from our normalized velocity 

measurements using Lipo\'lsky's in vivo viscometry data (1975, 

1 978). From that data we predict that third order venular 

resistance would increase 90% during blood flow reduction to 35% 

of control, while second order venular resistance would increase 

56% during blood flow reduction to 65% of control, and first 

order venular resistance would increase 100% during blood flow 
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reduction to 38% of control. According to these predictions the 

resistance of first through third order venules increased 82% 

during blood flow reduction to 46% of control. This is 

consistent with our finding from micropressure measurements that 

resistance downstream from the site of pressure measurement in 

fourth order venules increased 100% during blood floH reduction 

to 40% of control. 

The observation that venous resistance increases during 

reductions in blood flow is consistent with observations from 

several experiments. Gore et al. (1974, 1975) suggested that 

resistance changes during arterial pressure reduction (pre- to 

post capillary resistance ratio in cat mesentery decreased from 

2.7 w hen art e ria I pre s sur e' was 1 0 0 m m H g , toO. 4 4 , w hen the 

arterial pressure was 40 mm Hg) may indeed contribute to the 

constant capillary pressure they observed in some capillaries. 

Thulesiusand Johnson (1966) found that isogravimetric 

capillary-large vein pressure gradient fell less than floV[ in 

the isolated dOB hindlimb preparation as the arterial pressure 

was reduced from 110 to 30 mm Hg. As a consequence calculated 

venous resistance increased 153% when blood flow was'reduced 

62%. Oberg et al. (1975) and Mellander (1977) suggested that 

the "autoregulation of capillary. pressure" deduced by Jarhul t 

and Mellander (1974) in cat lOHer leg muscles could not be 

tot a 11 y e ~~ p 1 a i ned b y dec rea s e sin pre cap i 11 a r y res i s tan c e but 

must have also been due to some increase in venous re·sistance. 
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Data from Oberg and co-workers indicate that postcapillary 

resistance of cat calf muscle increased 159% as blood flow fell 

83%. 

In addition to the linear relationship between 

microva~cular pressure and vessel blood flow during arterial 

pressure reduction, transient changes, in microvascular pressure 

and vessel blood flow were observed during intervals of reduced 

arterial pressure and reactive hyperemia. Slow decreases in 

second order arteriolar pressure of 1-3 mm Hg (Figure 16) during 

intervals of reduced arterial pressure despite transient 

increases in blood flow of 1-3% suggest that vascular resistance 

downstream from the second order arterioles decreased (dilation 

of small arterioles). The slow return of 'arteriolar pressure to 

control values (10-30 sec) during reactive hyperemia (Figure 16) 

implies that vascular resistance downstream from second order 

arterioles was decreased during this period. 

Slow increases of 1-2 mm Hg in venular pressure and 1-3% 

in vessel blood flow were seen during the period of reduced 

arterial pressure (Figures 17 and 18). Since arterial pressure 

was constant, this suggests that precapillary resistance slowly 

decreased leading to an increase in both blood flow and venular 

pressure. There was also a degree of overshoot in venular 

pressures during reactive hyperemia (Figures 17 and 18). The 

magnitude of the pressure overshoot depended on the degree'of 

arterial pressure reduction (27~ and 5.1% above control values 

in fourth order venules following arterial pressure reductions 
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This was also true of 

reactive hyperemia. Thus venular pressure followed the changes 

in flow, when arterial pressure was constant. The magnitude of 

the pressure overshoot during reactive hyperemia was less in 

fourth order venules than in first order venules (27% and 45% 

above control respectively, following arterial pressure reduction 

to 40 mm Hg). This suggests that venular resistance may have 

decreased below control levels during reactive hyperemia. This 

finding is consistent with the finding in our previous study 

(House and Johnson, 1983) that postcapillary blood viscosity 

decreased approximately 54% when' blood flow was increased 250% 

'above control levels. These observations suggest that when 

inflow and outflovl pressure remain constant, changes in blood 

flow alter microvascular pressure. 

In addition to increases in postcapillary blood 

viscosi ty during arterial pressure reduction, the viscosi ty of 

blood in the arterioles may have increased under the conditions 

of this study. The normalized velocities of 151.7 sec- 1 in 

second order arterioles and 90.2 sec- 1 in third order arterioles 

under control conditions would be associated with viscosities of 

2.3 and 3.5 centipoise respectively according to LipOHsky's et 

al. findings (1975, 1978). During arterial pressure reduction to 

40 mm Hg blood viscosity Hould increase approximately 124% in 

second ordfrr arterioles and 103% in third order arterioles. 

These increases are somewhat greater than the values of 44% and 

64% predicted for these orders in studies on cat sartorius 
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muscle covered with Saran Hrap with similar arterial pressure 

reduction (House and Johnson, 1933). The discrepancy in the 

predicted v~lues is most likely due to the lack of blood flow 

autoregulation in arterioles during arterial pressure reduction 

under conditions of the current experiment. 

The effect of an increase in blood viscosity on 

precapillary resistance would be reduced by dilation of 

arterioles. He did observe that arterioles that did not have 

the micropipette inserted dilated 5-20% during arterial pressure 

reduction. This observation is consistent with Sullivan and 

Johnson's (1981b) finding that the six orders of arterioles in 

the isolated cat sartorius muscle dilated an average of 3 to 65% 

(mean of 24%),during arterial pressure reduction to 40 mm Hg 

when the muscle Has exposed to 0% oxygen and 0 to 50% (mean of 

9%) during arterial pressure reduction to 40 mm Hg when the 

muscle was exposed to 10% oxygen. These findings suggest that 

during arterial pressure reduction both arteriol~r blood 

viscosity and arteriolar diameter increase, thereby altering 

precapillary resistance in a complex fashion. 

In conclusion, there is substantial agreement in the 

venular pressure drop obtained from micropressure measurements 

and that predicted from normalized blood velocity in venules and 

Lip 0 t'1 sky's i n v i v 0 vis com e try d a t a. T his s u g g est s t hat a 

reciprocal relationship between shear rate and blood viscosity 

Qay have a si6nificant influence on the pressure drop in venules 

of skeletal muscle in physiological flow ranges. This 
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relationship may be of some homeostatic significance as it may 

tend to maintain hydrostatic pressure of small venules and 

possibly capillary hydrostatic pressure somewhat constant as 

flovl is al teredo Our data also suggest that Lipowsky's in vivo 

viscometry data obtained on cat mesentery provides a better 

description of the effects of blood viscosity in venules of cat 

sartorius muscle during arterial pressure reduction than in 

vitro viscometry data. This may be due to the important effects 

that leukocytes and platelets have on blood viscosity in the 

micr~circulation. The lesser degree of shear rate on blood 

viscosity in vitro may be due in part to the reIJoval of 

leukocytes and platelets from blood used in visco meters. . It is 

possible that leukocyte-endothelium adhesion, leukocyte

leukocyte and leukocyte-erythrocyte interaction, and/or platelet 

aggregation may substantially influence ~ vivo viscosity 

causing in vitro studies to underestimate the effect of shear 

rate on blood viscosity in the microcirculation. 



APPENDIX A 

RAW DATA TABLES FOR VENULES PRESENTED IN 
CHAPTER 2 

Abbreviations used: 
CAT # cat number 

VESSEL # 

PA 

PV 

D 

V 

N 

VF 

AVE 

DEV 

N 

vessel number 

mean arterial pressure (mm Hg) 

mean venous pressure (mm Hg) 

venular diameter (pm) 

dual-slit velocity ,(mm/sec) 

normalized velocity (sec- 1) 

venular volume flow (nl/sec) 

average value of the parameter 

standard deviation 

number of ve~ules in which the parameter was 
measured 

If the number -1 appears in the tables, this indicates that the 
parameter was not measured in that particular venule. 
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Table A-1. HaH data from 1st order venules studied under 
control conditions. 

CATff VESSELl! PA PV D V N VF 
-----------------------------------------------------------

27 10 93.0 8.8 190.2 5.24 17.2 92.9 

32 21 103.1 1.6 232.0 1. 72 4.6 45.6 

32 25 103.6 1.5 106.9 1.39 8. 1 7.9 

37 40 110.8 2.3 162.4 0.48 1.8 6.2 

82 601 90.8 6.0 228.9 5.40 14.8 139. 1 

83 201 100.8 4. 1 164.8 6.86 26.0 91.4 

83 301 107.7 4.4 144.8 5.10 21.9 52.2 

85 10 119.0 6.8 162.6 6.60 25.4 88.4 

85 20 107.4 9.4 230.5 4.40 11.8 114.0 

86 10 ' 108.2 5.0 163.8 17.10 65.2 224.9 
----------------~------------------------------~------------
AVE 104.4 5.0 178.7 5.40 19.7 8'6.2 
DEV 8.2 2.8 41.4 4.67 18.0 65.2 
N 10 10 10 10 10 10 
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Table A-2. R a \v d a t a fro ill 2 n d 0 1" d e 1" venules studied under 
control conditions. 

CAT4F VESSEL1F PA PV D V N VF 
-----------------------------------------------------------

29 20 98.5 0.2 60.7 4.93 50.7 8.92 

30 14 110.7 2.4 42.4 0.10 1.5 0.09 

30 16 99.4 2.7 46.5 1. 02 13.7 1. 08 

30 40 105.8 1.3 53.9 2.10 2 it.3 2.99 

30 110 100.9 2.3 63.4 4.90 48.2 9.67 

31 06 11 0.9 0.0 76.0 0.58 4.8 0.97 

31 13 120.9 1.2 57.4 0.06 0.7 0.10 

31 110 118.3 2.5 52.7 0.06 0.7 0.09 

31 120 108.9 0.4 60.9 0.38 3.8 0.68 

31 122 111 .8 0.0 70.4 1. 01 9.0 2.46 

31 123 108.3 0.5 37.8 0.55 9 • 1 0.39 

31 211 109.7 0.0 84.1 0.24 1.8 0.82 

32 27 108.1 1.3 140.2 1.67 7.4 16 . 12 

32 29 110. 1 0.9 79.2 0.57 4.5 1. 76 

32 30 105.9 1.4 156.9 2.35 9.4 28.46 

33 10 126.1 3.7 56.1 1.40 15.6 2.16 

33 315 113.6 2.6 96.9 2.74 17.7 ·12.64 

33 316 109.5 2.4 101 .4 1. 92 11.8 9.68 

34 10 117 .8 4.0 64.9 3.76 36.1 7.74 

34 40 94.7 1 .4 106.4 2.77 16.3 15.38 

34 50 93.0 1.4 103.5 2.74 16.6 14.43 

35 60 109.7 1.5 99.0 9.50 60.0 45.68 

38 10 91.0 2.5 65.6 2.50 23.7 5.30 
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Table A-2--Continued. Ra \"r data from 2nd order venules 
studied under control ·conditions. 

CATff VESSELl'! PA PV D V N VF 
-------------------------------------------------------------

40 10 121 .6 1.5 76.2 2.22 17.4 6.03 

42 01 93.7 0.0 65.8 1.40 13.4 3.00 

42 20 92.7 0.0 59.7 1.80 18.8 3.15 

44 40 143.4 0.0 69.0 1. 70 24.6 6.29 

44 70 145.7 2. 1 141 .2 3.21 22.7 50.22 

45 50 122.3 4.7 83.1 19.76 148.5 66.99 

45 100 110.0 4.0 140.6 10.27 45.7 99.75 

47 90 106.5 4.0 114.5 3.76 20.5 24.22 

47 130 92.2 6.0 77.4 3.43 27.7 10.10 

50 70 134.5 8.8 113.7 11 .91 65.5 75.64 

51 50 116.2 3.3 105.0 1. 41 8.4 7.64 

51 70 99.3 3.8 115.2 2.15 11.7 14.00 
------------------------------------------------------------
AVE 110.3 2. 1 83.9 3.17 23.2 15.85 
DEV 13.4 1.9 30.7 4.01 27.5 23.68 
N 35 35 35 35 35 35 
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Table A-3. Ravr data from 3rd order venules studied under 
control conditions. 

CATt! VESSEL1! PA PV D V N VF 
------------------------------------------------------------

29 33 93.5 0.4 47.2 0.14 1.9 0.155 

30 00 111 .4 1.4 75.5 1.38 11 .5 3.877 

30 001 115.2 0.6 40.9 0.27 4. 1 0.221 

30 03 106.5 1.0 46.8 0.20 2.6 0.210 

30 17 101 • 1 2.6 34.2 0.18 3.3 0.104 

30 19 101 05 2.2 75.7 1.02 8.4 2.852 

30 71 111 .4 1.4 75.5 1. 38 11.5 3.877 

30 72 115.2 0.6 40.9 0.27 4. 1 , 0.221 

31 06 110.9 0.0 76.0 0.58 4.8 0.974 

31 . 11 "22.9 2.3 43.0 0.15 2.2 0.136 

31 111 121. 8 1.9 31.4 0.97 19.4 0.469 

31 22 96.7 0.0 34.8 0.14 2.6 I 0.084 

31 24 101 .5 2.2 34.9 0.16 2.8 0.094 

31 26 108.3 2.2 65.0 0.31 3.0 0.642 

31 27 101 .5 0.8 44.0 0.20 2.8 0.190 

31 30 107.2 1.4 76.2 0.34 2.8 0.963 

31 301 108. 1 1.1 55.7 0.24 2.7 0.361 

31 41 107.7 0.0 95.7 0.82 5.3 3.676 

31 42 108. 1 0.0 39.7 0.10 1.6 0.078 

32 14 101. 9 1.5 71.0 0.50 4.4 1 .272 

32 15 103.5 1.6 76.3 0.47 3.9 1 .346 

32 16 100.6 4.6 64.4 0.46 4.4 0.926 
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Table A-3--Continued. RaH data from 3rd order venules 
studied under control conditions. 

CAT IF VESSELlt PA PV D V U VF 

---------~--------------------------------------------------
32 28 110. 1 0.9 79.2 0.57 4.5 1 .762 

32 210 112.8 1.8 51.0 0.62 7.6 0.788 

32 211 113.4 1.0 39.0 0.27 4.3 0.199 

32 214 117 .0 2.0 39.2 o • 17 2.7 0.129 

32 215 117.0 1.3 34.4 0.19 3. 11 0.108 

32 40 98.0 1.4 58.5 0.62 6.6 1 .042 

32 50 93.3 1.4 41.2 0.27 4. 1 0.225 

34 06 89.3 3.4 57.8 0.24 2.6 0.391 

34 30 99.6 0.4 39.2 0.19 3. 1 0.146 

35 30 121 • 1 2.6 46.0 0.18 2.5 0.189 

35 70 107.9 1.4 30.1 O. 16 3.4 0.073 

37 20 107.0 3.3 26.1 0.18 4.3 0.060 

38 01 91.0 2.5 65.6 2.50 23.7 5.300 

42 01 93.7 0.0 65.8 1. 40 13.4 3.000 

42 40 92.8 0.0 61.0 0.70 7 • 1 1.277 

45 40 125.1 4.9 39.5 0.60 9.5 0.462 

45 60 121 .9 4.3 31.6 0.42 8.4 0.208 

45 70 120.6 4.2 21.5 O. 18 5. 1 0.040 

45 130 112.0 3.7 57.7 1. 30 14. 1 2.127 

45 140 108.7 3.3 27.8 0.86 19.5 0.328 

45 180 112.7 3. 1 55.6 0.54 6.0 0.814 

45 190 111 .6 2.6 62.9 1. 03 10.2 1 .996 

46 40 126 • 1 4.8 85.0 0.46 3.4 1 .642 
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Table A:-3--Continued. Raw data from 3rd order venules 
studied under control conditions. 

CAT 11 VESSELII PA PV D V N VF 
------------------------------------------------------------

46 90 131 .2 2.0 63.8 0.77 7.5 1 .540 

46 100 131 • 1 0.2 19.6 0.27 8.7 0.052 

46 110 128.0 0.0 52.0 0.27 3.2 0.356 

47 30 116.2 7 • 1 88.0 0.82 5.8 3.105 

47 50 113.5 5.8 52.5 0.24 2.8 0.320 

47 70 112.9 3.2 108.8 0.35 2.0 2.019 

47 80 114.0 2.4 107.6 0.35 2.0 1 .965 

47 100 100.2 0.9 75.2 0.39 3.2 1 .075 

47 110 101. 9 7 • 1 77.0 0.40 3.2 1.149 

47 140 94.4 6.0 39.5 0.07 1.1 0.054 

49 30 138.3 13 .5 56.5· 0.62 6.8 0.965 

49 150 120.6 2.6 91.9 0.48 3.2· 1 .974 

49 151 120.6 1.3 63.9 O. 11 1.1 0.217 

49 170 122.5 0.5 75.9 0.31 2.6 0.879 

50 10 138.2 11.0 52.7 o. 13 1.5 0.178 

50 20 136.4 11.7 37.2 0.26 4.4 0.180 

50 60 135. 1 8.7 54.4 0.89 10.2 1 .292 

50 150 127.8 2. 1 44.5 0.39 5.5 0.382 

50 160 123.9 7.0 55.4 0.39 4.4 o .5 8!~ 

51 03 117 . 1 2.8 59.4 0.36 3.8 0.620 

51 40 116.8 2.2 74.5 0.29 2.4 0.781 
------------------------------------------------------------
AVE 112. 1 2.8 56.2 0.49 5.5 0.981 
DEV 12. 1 2.8 20.3 0.42 4.5 1 .130 
N 66 66 66 66 66 66 
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Table A-4. Ravl data from 4th order venules studied under 
control conditions. 

CATtl VESSELif PA PV D V N VF 
----------------------------------------------------------~-

27 02 90.7 8.5 13.5 0.032 01. 5 0.003 

27 20 92.7 8.2 18.6 0.957 32.1 0.163 

27 40 91.9 2.4 23.7 0.112 2.9 0.031 

29 31 90.8 0.1 24.1 0.040 1.0 0.011 

29 32 93.0 0.3 33.2 0.092 1.7 0.050 

29 34 88.7 O. 1 28.3 0.202 4.5 0.079 

29 36 92.1 0.5 29.1 0.182 3.9 0.076 

29 39 95.0 0.5 21.8 0.269 7.7 0.063 

30 18 101. 8 2.3 25.3 0.283 7.0 0.089 

30 30 11 0.3 1.3 13.7 0.293 14.0 0.028 

30 50 100.7 1.4 33.6 0.112 2.1 0.062 

31 03 108.1 1.1 30.9 0.210 4.2 0.099 

31 05 106.7 0.7 17.2 0.202 7.4 0.029 

31 12 120.8 1.7 18.2 0.155 5.3 0.025 

31 15 123.0 o. 1 16.5 0.077 2.9 0.098 

31 17 119.3 0.0 14.2 0.183 8.1 0.018 

31 18 106.8 0.0 17.0 0.341 12.6 0.048 

31 114 118.8 2.4 24.6 0.370 9.3 0.109 

31 116 117 • 8 2.2 12.3 0.101 5. 1 0.008 

31 117 114.9 1.7 12.3 0.178 9.0 0.013 

31 21 i 07. 1 0.8 18.8 0.034 1.1 0.006 

31 23 101 .3 0.1 22.7 0.058 1.6 0.015 
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Table A-4--Continued. Raw data from 4th order venules 
studied under control conditions. 

CATtt VESSEL If PA PV D V N VF 
------------------------------------------------------------

31 25 104.8 2.3 36.2 0.155 2.7 0.100 

31 28 99.8 3.0 33.7 0.219 4. 1 0.122 

31 29 102.9 1.9 35.5 0.167 2.9 0.104 

31 210 106.8 0.3 36.1 0.103 1.8 0.066 

32 02 92.2 1.3 26.2 0.133 3.2 0.045 

32 03 83.5 0.9 20.9 0.617 18.5 0.132 

32 11 107.7 1.8 15.6 0.300 12.0 0.036 

32 12 111 .9 1.7 17 .2 0.237 8.6 0.034 

32 60 85.2 1.3 19. 1 0.152 4.9 0.027 

32 213 115.7 1.4 29.0 0.209 4.5 0.086 

32 216 116.0 0.4 27.9 0.175 3.9 0.067 

32 217 115.0 0.6 26.5 0.440 10.4 0.152 

32 218 115.8 1.0 22.1 0.110 3. 1 0.027 

34 05 108.4 3.9 30.2 0.147 3.0 0.066 

34 60 88.5 3.5 29.1 0.075 1.6 0.031 

35 20 125.3 2.7 22.2 0.103 2.9 0.026 

35 80 101. 4 0.0 28.5 0.126 2.8 0.050 

40 30 118.4 1.5 22.1 0.176 5.0 0.043 

42 10 94.0 0.0 24.2 0.518 13.4 0.149 

44 91 149.8 0.0 21.1 0.094 4.5 0.033 

44 92 149.0 0.0 20.5 0.059 2.9 0.019 

45 20 126.3 7 • 1 28.4 0.221 4.9 0.088 
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Table A-4--Continued. Raw data from 4th order venules 
studied under control conditions. 

CAT4f VESSEL/I PA PV D V N VF 
-------------------------------------------------------------

45 30 132.3 6.2 29.1 0.399 8.6 0.166 

45 90 120.8 4. 1 28.5 0.375 8.2 0.150 

45 150 119.9 2.9 19.0 0.312 10.3 0.055 

45 200 11 0.8 2.6 12.6 0.182 9.0 0.014 

46 10 122.7 5.2 26.8 0.123 2.9 0.043 

46 20 143.2 5.2 19.4 0.181 5.8 0.033 

46 30 123.8 5.0 24.4 0.145 3.7 0.043 

46 70 130.9 4.7 26.4 0.078 1 .8 0.026 

47 60 113.6 4.0 21.3 0.107 3.2 0.024 

47 150 95.0 8.2 35.9 0.561 9'.8 0.355 

49 40 137.8 11.9 37.9 0.292 4.8 0.206 

49 50 138.1 8.7 19.9 0.125 3.9 0.024 

49 70 137.8 3.9 26.5 0.244 5.7 0.08!1 

49 90 133.5 8.3 24.1 0.251 6.5 0.072 

49 100 131 • 1 8.2 26.3 0.369 8.8 0.125 

49 130 122.1 2.8 28.2 0.302 6.7 0.117 

49 190 ' 122.8 3.2 49.4 0.357 4.5 0.427 

49 200 120.5 1.4 32.3 0.182 3.5 0.093 

50 40 131 .9 9.8 17.7 0.232 8.2 0.036 

50 90 138.4 6.3 12.2 0.059 3.0 0.004 

50 100 138.7 5.9 22.3 0.259 7.2 0.063 



Table A-4--Continued. Raw data from 4th order venules 
studied under control conditions. 

CATII VESSELII 

50 

50 

51 

AVE 
DEV 
N 

110 

170 

30 

PA 

137.5 

118.9 

120.1 

114.0 
16.6 
68 

PV 

4.9 

10. 1 

2.0 

3. 1 
3.0 
68 

D 

20.8 

22.9 

21.5 

24.2 
7.2 
68 

v 

0.265 

0.154 

0.077 

0.210 
0.150 
68 

N 

8.0 

4.2 

2.2 

5.8 
4.7 
68 

VF 

0.056 

0.040 

0.017 

0.072 
0.073 
68 

200 



201 

Table A-5. R a ,. d a t a fro m 5 tho r d e r venules studied under 
control conditions. 

CATtI VESSELtf PA PV D V N VF 
------------------------------------------------------------

27 01 95.9 7.8 10.3 0.083 5.0 0.004 

29 35 89.5 0.2 14.3 0.085 3.7 0.010 

29· 37 90.0 0.4 12.4 0.107 5.4 0.008 

31 02 106.2 0.7 6.2 0.091 11.5 0.002 

31 04 105.1 1.0 6.4 0.090 10.8 0.002 

31 112 116.5 1.6 9. 1 0.238 20.2 0.012 

31 118 114.9 0.5 12. 1 0.017 0.8 0.001 

31 119 129.6 2.6 8.8 o. 161 14. 1 0.008 

32 70 88.2 0.7 8.9 0.118 10.2 0.006 

33 01 125.6 3.8 16.2 0.157 6. 1 0.020 

33 31 129.8 3.0 15.3 0.099 4.0 0.011 

33 32 126.2 3.2 12.7 0.174 8.6 0.014 

33 34 122.8 3.1 16.4 0.169 6.4 0.022 

33 313 111. 7 2.5 16.2 0.199 7.7 0.026 

33 40 109.9 2.1 17 .0 0.191 7.0 0.028 

34 02 108.4 3.9 9.4 0.071 5.8 0.004 

34 04 108.0 4.0 11.0 0.138 7.8 0.008 

34 20 107.6 3.8 20.1 0.128 4.0 0.026 

38 20 81.7 2.4 20.8 0.410 12.2 0.090 

42 03 95.0 0.0 10.8 0.230 13.2 0.013 

44 80 151 .2 3.5 17.3 0.241 13.9 0.057 



202 

Table A-5--Continued. Raw data from 5th order venules 
studied under control conditions. 

CAT if VESSELiF PA PV D V N VF 
------------------------------------------------------------

45 01 128.4 5.8 14.6 0.084 3.6 0.009 

45 02 128.0 5.8 12.9 0.088 4.3 0.007 

45 04 127.8 5.7 9.6 0.092 7.3 0.005 

45 05 123.4 3.7 8.9 0.207 18.0 0.010 

45 10 123.9 6.3 18.7 0.127 4.2 0.022 

45 80 118.9 4.2 12.0 0.468 24.4 0.033 

45 170 113.7 3.3 10.4 0.251 15. 1 0.013 

46 01 125.2 4.9 12.9 0.068 3.3 0.006 

46 60 128.9 5.1 14.2 0.180 '7.9 0.018 

46 80 131 .0 5.7 16.0 0.124 4.9 0.016 

47 10 102.9 4.2 13.2 0.214 10.2 0.018 

47 40' 114.5 6.2 18.5 0.181 6 • 1 0.030 

47 120 95.7 6.3 27.6 O. 110 2.5 0.041 

49 02 140.6 8.2 7.7 0.033 3.2 0.001 

49 04 139.5 3.2 7.6 0.029 3.0 0.001 

49 06 124.5 2.3 10.2 0.063 3.8 0.003 

49 60 139.9 8.2 17 • 1 0.104 3.8 0.015 

49 140 122.3 3.7 19.4 0.129 4. 1 0.024 

50 01 137.2 4.3 6.7 0.071 8 • 1 0.002 

50 80 138.4 7.2 12. 1 0.149 7.7 0.011 

50 180 117 • 5 9.8 16.2 0.248 9.6 0.032 



Table A-5--Continued. Raw data from 5th order venules 
studied under control conditions. 

CATI/: VESSELl! PA PV D V N VF 
------------------------------------------------------------

51 20 109.4 4.9 15.4 0.293 11. 8 0.035 

51 30 115.3 3.2 10. 1 0.108 6.7 0.005 

51 60 104.6 4.9 11.4 0.281 15.5 0.018 

----------------~--------------------~----------------------
AVE 117 .0 4.0 13 .2 0.153 8.2 0.017 
DEV 15.8 2.3 4.4 0.092 5. 1 0.017 
N 45 45 45 45 45 45 
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Table A-6. RaH data from 6th order venules studied under 
control conditions. 

CATII VESSELl! PA PV D V N VF 

-----------------------------.--~-----------------------------
27 03 92.7 1 .9 5.7 0.070 9.5 0.0020 

30 01 111. 3 1.0 4.9 0.162 25.4 0.0094 

31 19 132.7 3.2 10.2 0.183 11.2 0.0090 

32 01 92.0 1.3 8.3 0.139 12.8 0.0060 

32 04 91.8 0.0 4.4 0.153 26.8 0.0020 

33 33 122.4 3.1 8.6 0.122 10.9 0.0060 

34 01 116.3 4.0 6.9 0.119 13 .2 0.0035 

34 03 109.6 4.0 7.6 0.118 11. 9 0.0034 

42 01 95.0 0.0 10.8 O. 118 13.4 0.0130 

42 02 95.0 0.0 4.4 0.071 12.4 0.0030 

42 60 95.0 0.0 5.7 0.209 28.1 0.0040 

45 03 123.3 5.8 6.3 0.038 4.6 0.0009 

46 02 120.0 4.7 4.4 0.087 15.2 0.0010 

46 03 128.6 4.6 5.5 0.035 4.8 0.0006 

46 04 128.5 4.6 6.0 0.OL14 5.7 0.0010 

46 05 126.2 4.4 3.7 0.058 11.8 0.0005 

46 06 127.9 4.5 7.1 0.034 3.6 0.0010 

46 061 128.9 4.6 5.6 0.040 5.6 0.0008 

49 01 140.3 8.3 4.3 0.028 5. 1 0.0003 

49 03 140.3 8.3 5.6 0.045 6.2 0.0009 

50 02 129.0 2.6 6.7 0.062 7 • 1 0.0017 

50 03 130.8 2.7 5.4 0.038 5.4 0.0007 

50 04 114.8 10.0 8.3 0.094 8.7 0.0039 
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Table A-6--Continued. Rau data from 6th order venules 
studied under control conditions. 

CAT II VESSELl! PA PV D V N VF 
-------------------------------------------------------------

50 120 132.8 4.8 14. 1 0.223 9.9 0.0220 

50 130 128.8 3.2 8.1 0.175 16.6 0.0070 

51 01 109.8 4.2 5.7 0.216 29.2 0.0043 

51 02 111 .3 4.2 8.3 0.062 5.8 0.0025 

51 10 109.4 4.8 8.9 0.278 24.1 0.0130 
-------------------------------------------------------------
AVE 1 17.3 3.7 6.8 0.108 12.3 0.0044 
DEV 15.2 2.5 2.3 0.070 7.7 0.0050 
N 28 28 28 28 28 28 



Table A-7. Raw data from 1st order venules studied at a 
perfusion pressure of BP1. 

CAT IF VESSELII 

27 

37 

82 

83 

83 

85 

85 

86 

AVE 
DEV 
N 

10 

40 

601 

201 

301 

10 

20 

10 

PA 

93.0 

11 0.8 

90.8 

100.8 

107.7 

119.0 

107.4 

108.2 

104.7 
9.4 
8 

PV 

8.8 

2.3 

6.0 

4. 1 

4.4 

6.8 

9.4 

5.0 

5.8 
2.4 
8 

D 

190.2 

162.4 

228.9 

164.8 

144.8 

162.6 

230.5 

163.8 

181 .0 
32.5 
8' 

V 

5.24 

0.48 

5.40 

6.86 

5.10 

6.60 

4.40 

17 • 10 

6.40 
4.75 
8 

N 

17.2 

1.8 

14.8 

26.0 

21.9 

25.4 

11.8 

65.2 

23.0 
18.8 
8 

VF 

92.9 

6.2 

139.1 

91.4 

52.2 

88.4 

114.0 

224.9 

101 • 1 
64.0 
8 

206 



Table A-8. Raw data from 1st order venules studied at a 
perfusion pressure of 80 mm Hg. 

CATff VESSELII 

27 

37 

82 

83 

83 

85 

85 

86 

AVE 
DEV 
N 

10 

40 

601 

201 

301 

10 

20 

10 

PA 

84.6 

79.2 

78.5 

77.2 

78.2 

82.0 

81.2 

79.4 

80.0 
2.4 
8 

PV 

8.8 

1.9 

5.5 

3.5 

3.5 

6.6 

9.5 

6.2 

5.7 
2.6 
8 

D V 

189.7 4.36 

159.6 0.38 

228.8 4.10 

164.9 5.50 

145.1 3.60 

162.0 4.90 

231.3 3.70 

164.0 13.80 

180.7 
32.8 
8 

5.04 
3.85 
8 

N VF 

14.4 77.0 

1.5 4.8 

11 .3 1 06 .0 

20.9 73.5 

15.4 36.8 

19.1 63.6 

10. 1 97 . 8 

52.6 182.2 

18.2 
15. 1 
8 

80.2 
52.5 
8 
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Table A-9. Raw data fvom 1st order venules studied at a 
perfusion pressure of 60 mm Hg. 

CATII VESSELII 

27 

34 

82 

83 

83 

85 

85 

86 

AVE 
DEV 
N 

10 

40 

601 

201 

301 

10 

20 

10 

PA 

75.5 

65.2 

-1 

58.1 

60.1 

55.7 

61.3 

60.1 

62.3 
6.5 
7 

PV 

8.2 

1.9 

-1 

3.0 

3.0 

6.0 

9.4 

5.5 

5.3 
2.8 
7 

D 

189.9 

162.2 

-1 

165.0 

145.4 

162.1 

231.3 

164.0 

174.3 
28.3 
7 

V 

4.16 

0.32 

-1 

4.50 

2.60 

5.20 

2.60 

8.90 

4.04 
2.68 
7 

N 

13.7 

1 .2 

-1 

17.0 

11.4 

20.1 

6.9 

34.0 

J4.9 
10.5 
7 

VF 

73.6 

4. 1 

-1 

59.8 

27.5 

67.2 

67. 5 

117.6 

59.6 
36.0 
7 
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Table A-10. Raw data from 1st order venules studied at a 
perfusion pressure of 40 mm Hg. 

CAT II VESSELlf 

27 

37 

82 

83 

83 

85 

85 

86 

AVE 
DEV 
N 

10 

10 

601 

201 

301 

10 

20 

10 

PA 

39.8 

32.7 

41.8 

40.3 

40.8 

42.1 

41.9 

44.4 

40.5 
3.4 
8 

PV 

6.9 

1.7 

5.8 

3.0 

3.5 

7.6 

8.9 

5.2 

5.3 
2~5 
8 

D V 

190.0 2.06 

162.1 0.34 

228.8 2.80 

164.8 3.65 

144.5 2.50 

162.0 3.30 

232.3 2.80 

164.0 7.00 

181 • 1 
32.9 
8 

3.06 
1. 88 
8 

N VF 

6.8 36.4 

1.3 4.4 

7.6 71.2 

13.8 48.6 

11.0 25.9 

12.7 42.1 

7.5 73.5 

26.6 92.0 

10.9 
7.5 
8 

49.3 
28.5 
8 
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Table A-11. RaVl data from 1 st order venules studied at a 
perfusion pressure of 20 mm Hg. 

CATtF VESSELII 

27 

37 

82 

83 

83 

85 

85 

86 

AVE 
DEV 
N 

10 

10 

601 

201 

301 

10 

20 

10 

PA 

21.1 

20.8 

18.0 

25.9 

24.1 

23.4 

21.8 

28.5 

23.0 
3.3 
8 

PV 

6.0 

1.7 

5.0 

3.0 

3.0 

5.9 

8.8 

5.3 

4.8 
2.2 
8 

D 

190.0 

163.2 

228.8 

165.2 

145.2 

162.0 

231.1 

163.7 

181 .0 
32.6 
8 

V 

1 .04 

0.32 

1. 60 

2.30 

2.30 

3.50 

1. 80 

2.80 

1.96 
1 .0 
8 

N 

3.4 

1.2 

4.4 

8.8 

10.0 

13.5 

4.8 

10. 1 

7.0 
4.2 
8 

VF 

18.5 

4.2 

41.0 

31.1 

24.0 

45.1 

46.9 

37.2 

31.0 
14.7 
8 

210 



211 

Table A-12. Raw data fr6m 2nd order venules studied at a 
perfusion pressure of BP 1. 

CAT If VESSELtf PA PV D V N VF 
------------------------------------------------------------

30 40 105.8 1.3 53.9 2.10 24.3 2.99 

31 06 11 0.9 0.0 76.0 0.58 4.8 0.97 

32 30 105.9 1.4 156.9 2.35 9.4 28.46 

34 10 117 .8 4.0 64.9 3.76 36.1 7.74 

34 40 94.7 1.4 106.4 2.77 16.3 15.38 

34 50 93.0 1.4 103.5 2.74 16.6 14.43 

35 60 109.7 1.5 99.0 9.50 60.0 45.68 

38 10 91.0 2.5 65.6 2.50 23.7 5.30 

40 10 121 .6 1.5 76.2 2.22 17 .4 6.03 

42 01 93.7 0.0 65.8 1. 40 13 .4 3.00 

42 20 92.7 0.0 59.7 1. 80 18.8 3.15 

51 50 116.2 3.3 105.0 1. 41 8.4 7.64 

51 70 99.3 3.8 115.2 2.15 11.7 14.00 
------------------------------------------------------------
AVE 104.0 1.7 88.3 2.71 20.1 11 .91 
DEV 10.7 1.4 29.2 2.18 14.5 12.60 
N 13 13 13 13 13 13 
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Table A-13. RaVl data from 2nd order venules studied at a 
perfusion pressure of 80 mm Hg. 

CATtF VESSELff PA PV D V N VF 
------------------------------------------------------------

30 40 81.0 1.2 54.1 2.02 23.4 2.91 

31 06 80.7 0.0 75.9 0.41 3.4 0.69 

32 30 79.6 1.3 156.1 2.24 9.0 26.77 

34 10 81.5 3.9 64.9 2.95 28.4 6 • 11 

34 40 82.2 4.6 106.4 1. 94 11.4 10.79 

34 50 80.3 4.9 103.4 1. 96 11. 9 10.30 

35 60 82.9 0.8 99.0 7.86 49.6 31.83 

38 10 81.4 2.4 64.7 2.10 20.3 4.30 

40 10 85.8 2.9 11.1 1.14 14. 1 5.06 

42 01 80.2 0.0 65.8 1.20 11. 6 2.60 

42 20 78.9 0.0 59.1 2.24 23.7 3.83 

51 50 78.8 4.6 105.5 1.02 6 . 1 5.60 

51 10 79.6 3.4 115.2 2.19 11.9 14.26 
------------------------------------------------------------
AVE 81.0 2.3 88.2 2.30 11.3 10.08 
DEV 1.9 1.9 29.2 1.19 12.2 10.78 
N 13 13 13 13 13 13 



Table A-14. Raw data from 2nd order venules studied at a 
perfusion pressure of 60 mm Hg. 

CATtF VESSELII 

30 40 

31 06 

32 30 

34 10 

34 40 

34 50 

35 60 

38 10 

40 10 

42 01 

42 20 

51 50 

51 70 

AVE 
DEV 
N 

PA PV 

60.0 1.2 

62.5 0.0 

56.5 1.1 

59.3 3.7 

60.0 0.0 

59.8 0.0 

61.9 1.6 

62.2 I 2.4 

60.8 2.1 

61.0 0.0 

60.3 0.0 

59.8 I 3.9 

59.3 2.8 

60.3 
1.6 
13 

1.4 
1 .4 
13 

D V N VF 

5lt.1 1.95 22.6 2.80 

75.9 0.11 0.9 0.18 

156.1 1.85 7.4 22.16 

6lt.9 2.lt1 23.2 4.98 

106.2 1.9lt 11.4 10.77 

103.7 2.0lt 12.3 10.76 

99.1 7.lt8 lt7.2 36.10 

63.9 2.00 19.8 4.10 

82.1 1.15 8.7 3.80 

65.8 1.20 11.9 2.60 

59.2 3.85 35.8 5.81 

10lt.9 0.80 It.8 4.35 

115.1 1.79 9.7 11.64 

88.5 
29.0 
13 

2.16 
1. 78 
13 

16.6 
13.0 
13 

9.23 
9.90 
13 
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Table A-15. Ravr data from 2nd order venules studied at a 
perfusion pressure of 40 mm Hg. 

CATII VESSELII PA PV D V N VF 
------------------------------------------------------------

30 40 40.1 0.7 53.2 2.07 24.3 2.88 

31 06 43.1 0.0 75.9 0.17 1.4 0.29 

32 30 37.0 1.2 156.2 1.26 5.0 15.06 

34 10 34.7 3.3 65.0 1 .20 11.5 2.48 

34 40 41.5 0.0 106.3 1.24 7.3 6.88 

34 50 40.8 0.0 103.5 1.25 7.6 6.59 

35 60 42.0 2.2 99.1 6.87 43.3 33.16 

38 10 40.9 2.4 66.8 1. 10 9.4 2.20 

40 10 41.3 1.6 75.2 1.07 8.9 2.98 

42 01 41.1 0.0 65.8 1. 06 10. 1 2.20 

42 20 40.7 0.0 59.0 2.75 29.1 4.71 

51 50 39.8 1.9 105.0 0.28 1.6 1.49 

51 70 33.9 3.8 '114.9 0.78 4.2 5.03 
------------------------------------------------------------
AVE 39.8 1.3 88.1 1.61 12.6 6.61 
DEV 2.8 1.3 29.0 1. 71 12.3 8.81 
N 13 13 13 13 13 13 



215 

Table A-16 • Ra\.J' data from 2nd order venules studied at a 
perfusion pressure of 20 mm Hg. 

CATtl VESSELII PA PV D V N VF 

-----------------------~------------------------------------
30 40 13 .2 0.9 54.0 1. 41 16.3 2.02 

31 06 25.7 0.0 76.0 0.08 0.7 0.14 

32 30 22.4 1.4 156.2 0.68 2.7 8.20 

34 10 15.2 3.0 64.9 0.20 1.9 0.40 

34 40 14.0 0.0 106.4 0.00 0.0 0.00 

34 50 20.0 0.0 103.5 0.00 0.0 0.00 

35 60 20.4 0.7 99.1 5.22 32.9 25.14 

38 10 26.4 2.4 64.0 0.80 7.7 1.60 

40 10 33.6 1.8 75.2 0.67 5.5 1.85 

42 Ol 17.7 0.0 65.8 0.37 3.5 0.78 

42 20 18.0 0.0 59.1 0.58 6 • 1 0.98 

51 50 19.4 1 .8 105.1 0.18 1.1 0.99 

51 70 21.1 4.0 115. 1 0.21 1.2 1. 38 
------------------------------------------------------------
AVE 20.6 1.2 88.0 0.80 6 .1 3.34 
DEV 5.6 1.3 29.3 1.38 9.2 6.88 
U 13 13 13 13 13 13 
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Table A-17. Raw data from 3rd order venules studied at a 
perfusion pressure of BP 1. 

CATtf VESSELII PA PV D V N VF 
~--~--------------------------------------------------------

30 00 111 .4 1.4 75.5 1.38 11.5 3.877 

30 001 115.2 0.6 40.9 0.27 4. 1 0.221 

30 03 106.5 1.0 46.8 0.20 2.6 0.210 

31 30 107.2 1.4 76.2 0.34 2.8 0.963 

31 301 108.1 1.1 55.7 0.24 2.7 0.361 

32 40 98.0 1.4 58.5 0.62 6.6 1.042 

32 50 93.3 1.4 41.2 0.27 4. 1 0.225 

34 06 89.3 3.4 57.8 0.24 2.6 0.391 

34 30 99.6 0.4 39.2 o • 19 3.1 0.146 

35 30 121 • 1 2.6 46.0 0.18 2.5 0.189 

35 70 107.9 1.4 30.1 0.16 3.4 0.073 

37 20 107.0 3.3 26.1 0.18 4.3 0.060 

42 40 92.8 0.0 61.0 0.70 7 • 1 1.277 

51 03 117.1 2.8 59.4 0.36 3.8 0.620 

51 40 116.8 2.2 74.5 0.29 2.4 0.781 
------------------------------------------------------------
AVE 106. 1 1.6 52.6 0.37 4.2 0.696 
DEV 9.7 1.0 15.8 0.32 2.5 0.960 
N 15 15 15 15 15 15 
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Table A-18. Raw data from 3rd order venules studied at a 
perfusion pressure of 80 mm Hg. 

CATII VESSELtf PA PV D V N VF 
-_._---------------------------------------------------------

30 00 78.9 1.2 75.9 1. 50 12.4 4.257 

30 001 78.4 0.7 41.6 0.33 4.9 0.277 

30 03 79.3 0.8 46.8 0.16 2.2 0.175 

31 30 80.3 2.6 76.3 0.33 2.7 0.951 

31 301 79.4 0.0 55.8 0.19 2.1 0.289 

32 40 79.5 1.5 58.2 0.59 6.3 0.975 

32 50 78.0 1.5 41.9 0.23 3.5 0.200 

34 06 78.5 1.8 57.8 0.23 2.5 0.377 

34 30 80.8 O. 1 39.0 0.18 3.0 0.138 

35 30 82.7 2.5 45.9 0.21 2.9 0.222 

35 70 82.1 1.8 30.1 0.18 3.7 0.080 

37 20, 79.8 2.6 25.8 0.09 2.2 0.300 

42 40 -1 -1 -1 -1 -1 -1 

51 03 79.9 4.4 59.5 0.26 2.8 0.461 

51 40 79.4 1.1 74.5 0.35 2.9 0.956 
------------------------------------------------------------
AVE 79.8 1.6 52.1 0.34 3.9 0.690 
JEV 1.3 1.2 16.2 0.36 2.8 1 .070 
N 14 14 14 14 14 14 
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Table A-19. Raw data from 3rd order venules studied at a 
perfusion pressure of 60 mill Hg. 

CATII VESSELl"! PA PV D V H VF 
------------------------------------------------------------

30 00 60.9 1.4 14.0 1.29 10.9 3.455 

30 001 51.2 1.1 40.8 0.21 4.2 0.224 

30 03 62.4 0.8 46.8 0.20 2.6 0.212 

31 30 59.9 0.0 16.1 0.34 2.8 0.915 

31 301 60.1 1.9 55.9 0.26 2.9 0.396 

32 40 . 56.0 1.4 58.2 0.56 6.0 0.934 

32 50 51.6 1.1 42.0 0.25 3.8 0.219 

34 06 60.2 2.5 51.8 0.24 2.5 0.386 

34 30 62.3 0.0 38.9 0.18 2.8 0.131 

35 30 61.3 2.4 46.1 0.11 2.3 0.118 

35 10 62.3 2.4 30.1 0.18 3.6 0.018 

31 20 60.4 2.5 25.8 0.06 1.4 0.019 

42 40 60.6 0.0 61.1 0.63 6.4 1 .111 

51 03 62.4 3.5 59.5 0.38 4.0 0.658 

51 40 59.8 3.9 14.6 0.33 2.8 0.891 
------------------------------------------------------------
AVE 60.3 1.1 52.6 o .36 3.9 0.662 
DEV 2.0 1 .2 15.1 0.30 2.3 0.858 
N 15 15 15 15 15 15 



Table A-20. Raw data from 3rd order venules studied at a 
perfusion pressure of 40 mm Hg. 

CATII VESSELl! 

30 

30 

30 

31 

31 

32 

32 

34 

34 

35 

35 

37 

42 

51 

51 

AVE 
DEV 
N 

00 

001 

03 

30 

301 

40 

50 

06 

30 

30 

70 

20 

40 

03 

40 

PA 

38.8 

36.7 

39.1 

37.4 

40.5 

36.4 

39.7 

40.4 

35.4 

40.0 

40-.7 

41.2 

32.4 

42.1 

40.2 

38.7 
2.6 
15 

PV 

1.2 

0.4 

0.7 

4.3 

0.0 

1.5 

1.2 

3. 1 

0.6 

2.3 

1 .4 

2.5 

0.0 

1.6 

3.6 

1.6 
1.3 
15 

D 

74.7 

41.2 

46.8 

76.2 

54.7 

58.2 

41.9 

57.8 

39.0 

46.0 

30.1 

26.5 

61.6 

59.4 

74.7 

52.6 
15.6 
15 

V 

1.26 

0.26 

0.19 

0.33 

0.15 

0.45 

0.22 

0.20 

0.15 

0.21 

0.05 

0.43 

0.30 

0.30 

0.32 
0.28 
15 

N VF 

10.6 3.459 

4.0 1.300 

2.6 0.208 

2.7 0.931 

1.7 0.219 

4.8 0.743 

3.4 0.193 

2.2 0.332 

2.3 0.109 

3.3 0.256 

4.4 0.096 

1.3 0.018 

4.3 0.795 

3.2 0.523 

2.5 0.826 

3.6 
2.2 
15 

0.595 
0.846 
15 
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Table A-21. Raw data from 3rd order venules studied at a 
perfusion pressure of 20 mm Hg. 

CATII VESSEL If PA PV D V N VF 
------------------------------------------------------------

30 00 12.9 1 • 1 76.2 0.67 5.5 1 .921 

30 001 13.0 0.9 40.2 0.08 1.3 0.064 

30 03 13.3 0.6 46.8 0.09 1.2 0.098 

31 30 -1 -1 -1 -1 -1 -1 

31 301 28.1 5.3 55.9 0.19 2.1 0.285 

32 40 19.8 1.2 58.2 0.52 5.6 0.865 

32 50 18.4 1.4 40.0 0.10 1.6 0.082 

3 !I 06 22.1 4.3 57.8 O. 11 1.2 0.185 

34 30 7.6 0.0 37.2 0.00 0.0 0.000 

35 30 21.7 2.3 46.0 0.24 3.3 0.251 

35 70 21.0 0.8 30.2 0.29 5.9 0.129 

37 20 27.5 2.5 25.8 O. 11 2.6 0.036 

42 40 19.8 0.0 61 .6 0.26 2.6 0.481 

51 03 25.7 1.6 59.4 0.14 1.4 0.233 

51 40 19.5 3.0 74.6 o. 11 0.9 0.291 
------------------------------------------------------------
AVE 19.3 1.8 50.7 0.21 2.5 0.352 
DEV 5.9 1.6 15.3 0.18 1.9 0.504 
N 14 14 14 14 14 14 
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Table A-22. RaH data from 4th order venules studied at a 
perfusion pressure of BP1. 

CATIF VESSELII PA PV D V N VF 
------------------------------------------------------------

27 02 90.7 8.5 13.5 0.032 1.5 0.003 

27 40 91.9 2.4 23.7 0.112 2.9 0.031 

30 30 110.3 1.3 13.7 0.293 14.0 0.028 

30 50 100.7 1.4 33.6 0.112 2. 1 0.062 

31 03 108.1 1.1 30.9 0.210 4.2 0.099 

31 05 106.7 0.,( 17 .2 0.202 7.4 0.029 

32 02 92.2 1.3 26.2 0.133 3.2 0.045 

32 03 83.5 0.9 20.9 0.617 18.5 0.132 

32 60 85.2 1.3 19.1 o • 152 4.9 0.Q27 

34 05 108.4 3.9 30.2 0.147 3.0 0.066 

34 60 88.5 3.5 29.1 0.075 1.6 0.031 

35 20 125.3 2.7 22.2 0.103 2.9 0.026 

35 80 101 .4 0.0 28.5 0.126 2.8 0.050 

40 30 118.4 1.5 22.1 o • 176 5.0 0.043 

42 10 94.0 0.0 24.2 0.518 13.4 0.149 

51 30 120.1 2.0 21.5 0.077 2.2 0.017 
------------------------------------------------------------
AVE 101 .6 2.0 23.5 0.193 5.6 0.052 
DEV 12.9 2.0 6.0 0.160 5. 1 0.041 
N 16 16 16 16 16 16 



Table A-23. Raw data from 4th order venules studied at a 
perfusion pressure of 80 mm Hg. 

CATfl VESSELl! 

27 

27 

30 

30 

31 

31 

32 

32 

32 

34 

34 

35 

35 

40 

42 

51 

AVE 
DEV 
H 

02 

40 

30 

50 

03 

05 

02 

03 

60 

05 

60 

20 

80 

30 

10 

30 

PA 

83.6 

84.3 

80.8 

78.7 

80.5 

80.4 

79.8 

75.8 

-1 

83.1 

77.4 

81.6 

81.1 

80.1 

81.7 

80.8 
2.3 
15 

PV 

5.6 

1 .6 

1.3 

1.2 

2.0 

2.2 

1.4 

1.4 

-1 

3.4 

1.9 

2.5 

0.0 

2.5 

0.0 

0.8 

1 .8 
1.4 
15 

D 

13 .5 

23.3 

13.8 

34.0 

31 .01 

17 .2 

26.2 

20.9 

-1 

30.2 

29.0 

22.2 

28.5 

22.1 

24.1 

21.6 

23.8 
6 .1 
15 

V N VF 

0.038 1.7 0.003 

0.138 3.7 0.037 

0.288 13.0 0.027 

0.138 2.5 0.078 

0.240 4.8 0.114 

0.227 8.3 0.033 

0.123 2.9 0.042 

0.522 15.6 0.112 

-1 -1 -1 

0.154 3.2 0.069 

0.092 2.0 0.038 

0.130 3.7 0.032 

0.141 3.1 0.056 

0.199 5.6 0.048 

0.534 13.8 0.153 

0.065 1.9 0.015 

0.202 5.7 
0.148 4.7 
15 15 

0.057 
0.042 
15 
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Table A-24. RaH data from 4th order venules studied at a 
perfusion pressure of 60 mm Hg. 

CAT# VESSEL# PA PV D V N VF 
------------------------------------------------------------

27 02 60.6 10.6 13.5 0.016 0.8 0.001 

27 40 56.1 3.2 23.6 0.132 3.5 0.037 

30 30 59.8 0.4 12. 1 0.279 14.4 0.20 

30 50 57.9 1.2 33.4 0.185 3.5 0.101 

31 03 59.8 0.0 31.1 o. 171 3.4 0.081 

31 05 57.4 2.2 17.2 0.136 4.9 0.020 

32 02 58.7 1.6 26.2 0.133 3.2 0.045 

32 03 60.0 0.7 20.9 0.550 16.4 0.118 

32 60 56.7 0.9 19. 1 o . 156 5 • 1 0.028 

34 05 63.7 4.0 30.2 0.144 3.0 0.065 

34 60 57.3 2.6 29.0 0.076 1.6 0.031 

35 20 61.0 2.5 22.2 o. 131 3.7 0.032 

35 80 62.6 0.0 28.5 0.138 3.0 0.055 

40 30 60.3 2.0 22.1 0.163 4.6 0.039 

42 10 60.6 0.0 24.2 0.442 11.4 0.127 

51 30 62.0 3.5 21.5 0.052 1.5 0.012 
------------------------------------------------------------
AVE 59.6 2.2 23.4 0.182 5.2 0.051 
DEV 2.2 2.6 6 • 1 0.137 4.6 0.038 
N 16 16 16 16 16 16 



Table A-25. Raw data from 4th order venules studied at a 
perfusion pressure of 40 mm Hg. 

CATtI VESSEL If 

27 

27 

30 

30 

31 

31 

32 

32 

32 

34 

34 

35 

35 

40 

42 

51 

AVE 
DEV 
N 

02 

40 

30 

50 

03 

05 

02 

03 

60 

05 

60 

20 

80 

30 

10 

30 

PA 

40.7 

46.6 

41.1 

38.5 

-1 

-1 

40.0 

39.2 

38.8 

40.6 

39.1 

41.6 

41.7 

34.2 

39.2 

42.2 

40.2 
2.7 
14 

PV 

4.3 

2.6 

1.2 

1.1 

-1 

-1 

1.3 

2.3 

2.5 

3.1 

3.4 

2.4 

0.0 

2.0 

0.0 

3.3 

2.1 
1.3 
14 

D 

13.5 

23.8 

14.0 

33.0 

-1 

-1 

26.2 

20.9 

19 .1 

30.2 

22.2 

28.5 

22.1 

24.1 

21.6 

23.4' 
5.7 
14 

V VF 

0.043 2.0 0.004 

0.131 3.4 0.037 

0.255 11.4 0.025 

0.158 3.0 0.084 

-1 -1 -1 

-1 -1 -1 

0.111 2.7 0.038 

0.393 11.7 0.084 

0.145 4.8 0.026 

0.124 2.6 0.055 

0.073 1.6 0.030 

0.116 3.3 0.028 

0.163 3.6 0.065 

0.139 3.9 0.033 

0.242 6.2 0.069 

0.048 1.4 0.011 

0.153 
0.092 
14 

4.4 
3.3 
14 

0.042 
0.025 
14 
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Table A-26. Ravr data fro m 4th order venules studied at a 
perfusion pressure of 20 rum Hg. 

CATI! VESSELl! PA PV D V N VF 

~-----------------------------------------------------------
27 02 12.7 7.0 13.5 0.014 0.7 0.001 

27 40 22.8 2.0 23.3 0.125 3.4 0.033 

30 30 11.0 0.7 13.3 0.119 5.6 0.010 

30 50 13 .0 0.9 33.0 0.087 1.6 0.046 

31 03 22.4 3.8 31.1 0.099 2.0 0.047 

3 'I 05 22.7 3.8 17 .2 O. 111 4.0 0.016 

32 02 18.9 1.3 26.2 0.091 2. 1 0.031 

32 03 19.4 1 .2 20.9 0.179 5.4 0.038 

32 60 18.9 1.4 19. 1 0.104 3.4 0.019 

34 05 10.8 3.0 30.2 0.033 0.7 0.015 

34 60 20.4 4.5 29.0 0.052 1.1 0.021 

35 20 22.4 2.4 22.2 0.213 6.0 0.052 

35 80 20.9 0.0 28.5 0.048 1.0 0.019 

40 30 -1 -1 -1 -1 -1 -1 

42 10 19.5 0.0 24.1 0.224 5.8 0.064 

51 30 21.0 2.7 21.5 0.029 0.8 0.007 
-------------~----------------------------------------------
AVE 18.4 2.3 23.5 0.102 2.9 0.028 
DEV 4.3 1.9 6.2 0.064 2.0 0.018 
N 15 15 15 15 15 15 



Table A-27. Raw data from 5th order venules studied at a 
perfusion pressure of BP1. 

CATli VESSELl; 

31 

31 

32 

34 

34 

34 

38 

42 

51 

51 

51 

AVE 
DEV 
N 

02 

04 

70 

02 

04 

20 

20 

03 

20 

30 

60 

PA 

106.2 

105.1 

88.2 

108.4 

108.0 

107.6 

81.7 

95.0 

109.4 

115.3 

104.6 

102.7 
10. 1 
11 

PV 

0.7 

1.0 

0.7 

3.9 

4.0 

3.8 

2.4 

0.0 

4.9 

3.2 

4.9 

2.7 
1.8 
11 

D 

6.2 

6.4 

8.9 

9.4 

11.0 

20.1 

20.8 

I 10.8 

15.4 

10. 1 

11.4 

• 11.9 
4.9 
11 

V N VF 

0.091 11.5 0.002 

0.090 10.8 0.002 

0.118 10.2 0.006 

0.071 5.8 0.004 

0.138 7.8 0.008 

0.128 4.0 0.026 

0.410 12.2 0.090 

0.230 13.2 0.013 

0.293 11.8 0.035 

0.108 6.7 0.005 

0.281 15.5 0.018 

0.178 
0.109 
11 

10.0 
3.5 
11 

0.019 
0.026 
11 
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Table A-28. Raw data from 5th order venules studied at a 
perfusion pressure of 80 mm Hg. 

CAT II VESSELIF 

31 

31 

32 

34 

34 

34 

38 

42 

51 

51 

51 

AVE 
DEV 
N 

02 

04 

70 

02 

04 

20 

20 

03 

20 

30 

60 

PA 

80.4 

80.5 

77.5 

83.7 

81.5 

82.6 

-1 

-1 

78.9 

79.0 

80.3 
2.0 
9 

PV 

2.0 

2.0 

0.5 

3.5 

3.5 

3.5 

-1 

-1 

4.6 

3.0 
1.2 
9 

D 

6.2 

6.5 

9.0 

9.4 

11.0 

20.0 

-1 

-1 

15.2 

10.2 

11.4 

11.0 
4.3 
9 

V 

0.062 

0.145 

0.122 

0.065 

0.117 

-1 

-1 

0.275 

0.138 

0.287 

0.145 
0.083 
9 

N 

7.7 

17 • 1 

10.4 

5.3 

5.4 

3.7 

-1 

-1 

11.3 

8.4 

15.7 

9.4 
5.5 
9 

VF 

0.001 

0.004 

0.006 

0.004 

0.006 

0.023 

-1 

-1 

0.031 

0.007 

0.018 

o .011 
0.012 
9 
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Table A-29. Raw data from 5th order venules studied at a 
perfusion pressure of 60 rom Hg. 

CAT:f/: VESSELl! 

31 

31 

32 

34 

34 

34 

38 

42 

51 

51 

51 

02 

04 

70 

02 

05 

20 

20 

03 

20 

30 

60 

PA 

60.0 

57.6 

57.7 

63.3 

63.6 

62.3 

61.7 

59.3 

60.0 

58.9 

60.2 

PV 

0.0 

0.0 

0.3 

3.9 

3.9 

4.0 

2.3 

0.0 

4.7 

3.3 

4.9 

D 

6. 1 

6.4 

9.0 

9.5 

11. 1 

20.1 

22.6 

10.8 

15.2 

10.2 

11. 4 

V N VF 

0.077 9.6 0.002 

0.140 16.7 0.004 

0.111 9.5 0.005 

0.065 5.3 0.004 

0.087 4.9 0.005 

0.112 3.5 0.022 

0.420 11.8 0.106 

0.170 9.8 0.010 

0.094 3.9 0.011 

0.133 8.2 0.007 

0.209 11.5 0.013 

-------------------------------------------------~----------
AVE 
DEV 
N 

60.4 
2.1 
11 

2.5" 
2.0 
11 

12.0 
5.2 
11 

0.147 
0.100 
11 

8.6 
4.0 
11 

0.017 
0.030 
11 



Table A-30. 

CATtl VESSELl! 

31 

31 

32 

34 

34 

34 

38 

42 

51 

51 

51 

AVE 
DEV 
N 

02 

04 

70 

02 

04 

20 

20 

03 

20 

30 

60 

Raw data from 5th order venules studied at a 
perfusion pressure of 40 mm Hg. 

PA 

-i 

-1 

42.8 

42.4 

42.1 

40.8 

40.3 

39.0 

41.1 

41.3 

39.8 

41.1 
1 .2 
9 

PV 

-1 

-1 

0.2 

3.1 

3.1 

3. 1 

2.4 

0.0 

4.6 

2.8 
1.7 
9 

D 

-1 

-1 

9.0 

9.4 

11.0 

20.1 

20.1 

10.9 

15.2 

10.1 

11.3 

13.0 
4.4 
9 

V 

-1 

-1 

0.112 

0.062 

0.096 

0.107 

0.180 

0.120 

o .189 

0.158 

0.172 

0.133 
0.044 
9 

N 

-1 

-1 

9.6 

5.1 

5.5 

3.3 

5.7 

6.9 

7.7 

9.5 

7.0 
2.3 
9 

VF 

-1 

-1 

0.005 

0.003 

0.006 

0.021 

0.037 

0.007 

0.021 

0.008 

0.011 

0.013 
0.011 
9 
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Table A-31. Raw data fran 5th order venules studied at a 
perfusion pressure of 20 mm Hg. 

CATII VESSELfF 

31 

31 

32 

34 

34 

34 

38 

42 

51 

51 

51 

AVE 
DEV 
N 

02 

04 

70 

02 

04 

20 

20 

03 

20 

30 

60 

PA 

22.6 

18.8 

22.7 

11.2 

11.0 

9.0 

27.5 

21-.7 

18.7 

20.4 

21.5 

18,.6 
5~8 
11 

PV 

3.8 

4.0 

1.1 

3.0 

3.0 

3.0 

0.0 

4.4 

2.8 

5.0 

2.9 
1.4 
11 

D 

6.0 

6.4 

9.0 

9.4 

11.1 

20.0 

20.2 

10.9 

16 .1 

10.2 

11.4 

11. 9 
4.9 
11 

v N 

0.046 5.8 

0.064 7.6 

0.124 10.7 

0.013 1.1 

0.028 1.6 

0.000 0.0 

0.240 7.3 

0.140 8.1 

0.075 2.9 

0.115 7.1 

0.285 15.7 

0.103 
0.092 
1 1 

6.2 
4.6 
11 

VF 

0.001 

0.002 

0.006 

0.001 

0.002 

0.000 

0.047 

0.008 

0.010 

0.006 

0.018 

o.oog 
0.014 
11 
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Table A-32. Raw data from 6th order venules studied at a 
perfusion pressure of BP1. 

CATtI VESSEL/t 

27 

30 

32 

32 

34 

34 

42 

42 

42 

51 

51 

51 

AVE 
DEV 
N 

03 

01 

01 

04 

01 

03 

01 

02 

60 

01 

02 

10 

PA PV 

92.7 1 .9 

111.3 1.0 

92.0 1.3 

91.8 0.0 

116.3 4.0 

109.6 4.0 

95.0 0.0 

95.0 0.0 

95.0 0.0 

109.8 4.2 

111.3 4.2 

109.4 4.8 

102.4 2.0 
9.5 2.0 
12 12 

D 

5.7 

4.9 

8.3 

4.4 

6.9 

7.6 

10.8 

4.4 

5.7 

5.7 

8.3 

8.9 

6.8 
2.0 
12 

V N VF 

0.070 9.5 0.0020 

0.162 25.4 0.0094 

0.139 12.8 0.0060 

0.153 26.8 0.0020 

0.119 13.2 0.0035 

0.118 11.9 0.0034 

0.118 13.4 0.0130 

0.071 12.4 0.0030 

0.209 28.1 0.0040 

0.216 29.2 0.0043 

0.062 5.8 0.0025 

0.278 24.1 0.0130 

0.143 17.7 
0.066 8.3 
12 12 

0.0055 
0.0040 
12 
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Table A-33. Raw data from 6th order venules studied at a 
perfusion pressure of 80 mm Hg. 

CATI! VESSELl! 

27 

30 

32 

32 

34 

34 

42 

42 

42 

51 

51 

51 

AVE 
DEV 
N 

03 

01 

01 

04 

01 

03 

01 

02 

60 

01 

02 

10 

PA 

84.0 

80.8 

79.2 

81.0 

80.7 

84.7 

-1 

-1 

-1 

78.9 

80.8 

79.3 

81.0 
2.0 
9 

PV 

1.2 

1.3 

1.4 

0.0 

3.7 

4. 1 

-1 

-1 

-1 

4. 1 

4. 1 . 

4.7 

2.8 
1.7 
9 

D 

5.7 

4.9 

8.3 

4.4 

6.9 

7.6 

-1 

-1 

-1 

5.7 

8.3 

8.9 

6.7 
1.6 
9 

V N 

0.085 11.4 

0.145 23.0 

0.062 5.7 

0.126 21 .9 

0.144 15.9 

0.085 8.6 

-1 -1 

-1 -1 

-1 -1 

0.202 .27 •. 3 

0.080 7.4 

0.203 17.5 

0.126 
0.058 
9 

15.4 
8.7 
9 

VF 

0.0020 

0.0084 

0.0025 

0.0010 

0.0040 

0.0030 

-1 

-1 

-1 

0.0040 

0.0030 

0.0100 

0.0042 
0.0031 
9 
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Table A-34. Raw data from 6th order venules studied at a 
perfusion pressure of 60 mm Hg. 

CATI} VESSEL IF 

27 

30 

32 

32 

34 

34 

42 

42 

42 

51 

51 

51 

AVE 
DEV 
N 

03 

01 

01 

04 

01 

03 

01 

02 

60 

01 

02 

10 

PA 

55.6 

60.9 

60.8 

60.2 

59.0 

63.8 

59.3 

59 • .3 

59.9 

59.5 

60.9 

59.5 

59.9 
1.9 
12 

PV 

2.6 

0.2 

1.6 

0.0 

0.0 

0.0 

0.0 

3.8 

4.0 

4.6 

2.0 
1.9 
12 

D 

5.7 

4.9 

8.4 

4.4 

6.9 

7.6 

10.8 

4.4 

5.7 

5.7 

8.3 

8.9 

6.8 
2.0 
12 

V N VF 

0.055 7.5 0.0010 

0."212 33.3 0.0123 

0.099 9.1 0.0040 

0.132 23.1 0.0020 

0.042 4.7 0.0010 

0.091 9.2 0.0030 

0.063 7.0 0.0070 

0.082 14.3 0.0040 

0.151 20.3 0.0030 

0.265 35.8 0.0050 

0.039 3.6 0.0020 

0.210 18.2 0.0100 

0.120 
0.075 
12 

15.5 
10.8 
12 

0.0045 
0.0036 
12 
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Table A-35. Raw data from 6th order venules studied at a 
perfusion pressure of 40 mm Hg. 

CATtI: VESSEL if 

27 

30 

32 

32 

34 

42 

42 

42 

51 

51 

51 

AVE 
DEV 
N 

03 

01 

01 

04 

01 

03 

01 

02 

60 

01 

02 

10 

PA 

44.8 

41.1 

42.3 

44.7 

34.7 

42.5 

39.0 

39.0 

40.0 

38.4 

40.2 

39.4 

40.5 
2.8 
12 

PV 

1.2 

1 • 1 

0.0 

3.3 

3. 1 

0.0 

0.0 

0.0 

3.9 

3.8 

4.4 

1.9 
1.7 
12 

D 

5.6 

4.9 

8.4 

4.4 

6.9 

7.6 

10.9 

4.4 

5.7 

8.3 

8.9 

6.8 
2.0 
12 

V 

0.071 

0.114 

0.091 

0.161 

0.024 

0.038 

0.054 

0.021 

o • 113 

0.161 

0.034 

0.172 

0.088 
0.056 
12 

N 

9.7 

18.0 

8.3 

28.2 

3.8 

6. 1 

3.7 

15.2 

21.8 

3.2 

14.9 

11.3 
8.3 
12 

VF 

0.0010 

0.0066 

0.0040 

0.0020 

0.0010 

0.0010 

0.0060 

0.0010 

0.0020 

0.0010 

0.0080 

0.0030 
0.0025 
12 



Table A-36. Raw data from 6th order venules studied at a 
perfusion pressure of 20 mm Hg. 

CATII VESSELl! 

27 

30 

32 

32 

34 

42 

42 

42 

51 

51 

51 

AVE 
DEV 
U 

03 

01 

01 

04 

01 

03 

01 

02 

60 

01 

02 

10 

PA 

21.8 

10.7 

18.0 

25.1 

16.0 

10.8 

21.7 

21.7 

23.7 

19.4 

19. 1 

18.6 

18.9 
·4.6 

12 

PV 

1.6 

0.4 

1.5 

0.0 

3.0 

3.0 

0.0 

0.0 

0.0 

3.8 

3.7 

4.3 

1.8 
1.7 
12 

D 

4.9 

8.2 

4.4 

6.9 

7.6 

10.9 

4.4 

5.8 

5.7 

8.3 

8.8 

6.8 
2.0 
12 

V N 

0.082 11.1 

0.032 5.0 

0.023 2.1 

0.102 17.8 

0.000 0.0 

0.003 0.3 

0.052 5.9 

0.018 3.1 

0.168 22.4 

0.062 8.4 

0.050 4.7 

0.067 5.8 

0.055 
0.047 
12 

7.2 
6.8 
12 

VF 

0.0020 

0.0018 

0.0010 

0.0010 

0.0000 

0.0001 

0.0060 

0.0010 

0.0030 

0.0010 

0.0020 

0.0030 

0.0018 
0.0016 
12 
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Table A-37. RaVT data from 2nd order venules studied prior to 
nerve stimulation. 

CAT1f VESSEL/I PA PV D V N VF 
-------------------------------------------------------------

44 40 143. LI 0.0 69.0 1. 70 24.6 6.29 

44 70 145.7 2. 1 141 .2 3.21 22.7 50.22 

45 50 122.3 4.7 83.1 19.76 148.5 66.99 

45 100 110.0 4.0 140.6 10.27 45.7 99.75 

47 90 106.5 4.0 114 .5 3.76 20.5 24.22 

47 130 92.2 6.0 77.4 3.43 27.7 10.10 

50 70 134.5 8.8 113.7 11 .91 65.5 75.6 LI 

-------------------------------------------------------------
AVE 122.1 4.2 105.6 7.71 50.7 47.60 
DEV 20.2 2.8 29.7 6.58 46.0 35.5 
N 7 7 7 7 7 7 
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Table A-38. RaH data from 2nd order venules studied during 
the 1 0 second period immediatel~ folloHing 
nerve stimulation. 

CATtl VESSELtI PA PV D V N VF 
------------------------------------------------_._-----------

44 40 138.4 0.0 71.6 6.02 52.5 15.20 

44 70 146.4 1.9 141 • 1 9.67 42.8 94.45 

45 50 115.5 4.6 82.9 25.34 191 .0 85.52 

45 100 99.7 4.2 140.4 23.26 103.5 225.22 

47 90 98.9 4.0 115.5 17.50 94.6 114.40 

47 130 78.6 7.4 78.2 5.19 41.5 15.60 

50 70 137.0 . 10.3 113.7 30.94 170.0 196.50 
----------------------------------------------~--------------
AVE 116 .4 4.6 106.2 16.84 99.4 106.70 
DEV 25.2 3.4 29.0 10. 14 60.8 81 .07 
~J 7 7 7 7 7 7 
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Table A-39. Raw data from 2nd order venules studied during 
the 1st minute following nerve stimulation. 

CAT if VESSEL# PA PV D V N VF 
-------------------------------------------------------------

44 40 141 .4 0.0 71.6 3.32 46.4 13.36 

44 70 145.2 1.9 141 .2 5.30 37.6 83.01 

45 50 123.2 4.6 82.9 21 .81 164.3 73.64 

45 100 113.6 4.2 140.5 18.54 82.5 179.72 

47 90 99.5 4.0 116. 1 8.73 47.0 57.63 

47 130 85.9 7.4 78.3 4.67 37.3 14.06 

50 70 136.6 10.3 113.7 22.35 122.8 141.88 
-------------------------------------------------------------
AVE 120.8 4.6 106.3 12.10 76.8 80.46 
DEV 22.4 3.4 29.1 8~47 49.5 62.06 
H 7 7 7 7 7 7 
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Table A-40. Raw data from 2nd order venules studied during 
the 3rd minute folloHing nerve stimulation. 

CATtl VESSELfl PA PV D V ~J VF 
-------------------------------------------------------------

44 40 142.9 5.0 71.7 1. 88 26.2 7.58 

44 70 147.6 1 .6 141 .2 3.49 24.7 54.71 

45 50 120.8 4.5 83.1 16.90 127.1 57.30 

45 90 114. 1 3.9 140.5 10.35 46.0 100.28 

47 100 102.1 3.3 116.5 5.15 27.6 34.28 

47 130 92.6 6.7 78.5 4.45 35.4 13.45 

50 70 134.8 9.4 113.7 11.38 62.6 72.20 
-------------------------------------------------------------
AVE 122.1 4.9 106.4 7.66 49.9 48.54 
DEV 20.7 2.5 29.0 5.38 36.6 32.82 
u 7 7 7 7 7 7 
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Table A-41. Raw data from 3rd order venules studied prior to 
nerve stimulation. 

CATtf VESSELtJ PA PV D V lJ VF 
-------------------------------------------------------------

45 40 125.1 4.9 39.5 0.60 9.5 0.462 

45 60 121 .9 4.3 31.6 0.42 8.4 0.208 

45 70 120.6 4.2 21.5 o • 18 5.1 0.040 

45 130 112.0 3.7 57.7 1.30 14. 1 2.127 

45 140 108.7 3.3 27.8 0.86 19.5 0.328 

45 180 112.7 3. 1 55.6 0.54 6.0 0.814 

45 190 111 .6 2.6 62.9 1. 03 10.2 1 .996 

46 90 131 .2 2.0 63.8 0.77 7.5 1.540 

47 .30 116.2 7 • 1 88.0 0.82 5.8 3.105 

47 70 112.9 3.2 108.8 0.35 2 .• 0 2.019 

47 80 114.0 2.4 107.6 0.35 2.0 1 .965 

47 100 100.2 0.9 75.2 0.39 3.2 1 .075 

47 110 101 .9 7 • 1 77.0 0.40 3.2 1 .149 

47 140 94.4 6.0 39.5 0.07 1.1 0.054 

49 30 138.3 13.5 56.5 0.62 6.8 0.965 

49 150 120.6 2.6 91.9 0.48 3.2 1 .974 

49 151 120.6 1.3 63.9 O. 11 1.1 0.217 

49 170 122.5 0.5 75.9 0.31 2.6 0.879 

50 10 138.2 11.0 52.7 0.13 1.5 0.178 

50 60 135.1 8.7 54.4 0.89 10.2 1 .292 



Table A-41--Continued. Raw data from 3rd order venules 
studied prior to nerve stimulation. 

CATtI VESSELift PA PV D v N VF 
-------------------------------------------------------------

50 150 127.8 2.1 44.5 0.39 5.5 0.382 

50 160 123.9 7.0 55.4 0.39 4.4 0.584 
-------------------------------------------------------------
AVE 118.6 4.6 61.4 0.52 6.0 1 .061 
DEV 11.7 3.3 23.7 0.32 4.6 0.845 
N 22 22 22 22 22 22 
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Table A-42. naH data from 3rd order venules studied durinG 
the 10 second period immediately f 0110 •. ,ri ng 
nerve stimulation. 

CATff VESSELtf PA PV D V N VF 
-------------------------------------------------------------

45 40 116.7 4.9 39.5 3.13 49.5 2.400 

45 60 113.9 4.4 31.5 1.60 31.7 0.782 

45 70 115.0 4.3 21.7 1.28 36.7 0.294 

45 130 87.1 4.5 57 ~ 8 6.37 68.8 10.460 

45 140 116 .6 4. 1 27.8 3.16 71.1 1.196 

45 180 140.!1 5.0 55.6 2.09 23.5 3.165 

45 190 102.4 4.7 62.9 3.00 29.7 5.799 

46 90 139.8 5.8 62.3 1. 95 19.5 3.707 

47 30 117 .4 6.2 79.7 4.72 37.0 14.770 

47 70 107.8 3.2 108.8 2.20 12.6 12.809 

47 80 115.6 2.9 104.6 3.20 19. 1 17 .180 

47 100 93.5 0.5 75.1 5.03 41.9 13.900 

47 110 78.4 7.0 76.9 1. 80 14.4 5.150 

47 140 81.0 5.3 39.4 0.94 15.0 0.718 

!19 30 138.0 13.0 56.4 1. 26 13.9 2.000 

49 150 120. 1 4.5 91.9 1. 48 10.0 6 • 114 

49 151 121 .6 3.0 63.7 0.92 9.1 1 .842 

49 170 120.9 4.6 75.8 0.96 7.9 2.708 

50 10 128.7 14.0 52.8 1. 30 15.4 1 .780 

50 60 135.3 9. 1 54.3 5.02 57.7 7.270 



Table A-42--Continued. .Raw data from 3rd order venules 
studied during the 10 second period 
immediately following nerve 
stimulation. 

CATII VESSELl! PA PV D V N VF 
-------------------------------------------------------------

50 150 131 .0 2.3 44.5 2.80 39.3 2.721 

50 160 118.0 7.8 55.4 2.51 28.3 3.780 
-------------------------------------------------------------
AVE 115.4 5.5 60.8 2.58 29.6 5.479 
DEV 11.9 3.2 23.0 1. 52 18.9 5.078 
N 22 22 22 22 22 22 
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Table A-43. Data from 3rd order venules studied during the 
1st minute follo\'ling nerve stimulation. 

CAT1F VESSEL1F PA PV D V N VF 
-------------------------------------------------------------

45 40 122.5 4.9 39.5 2.36 37.4 1 .807 

45 60 122.0 4.4 31.5 1.26 25.0 0.616 

45 70 121 .2 4.4 21.7 0.76 22.0 0.177 

45 130 117.0 4.5 57.6 3.74 40.6 6.097 

45 140 113.3 4.1 27.8 2.00 44.9 0.759 

45 180 118.7 4.9 55.5 1.41 15.8 2.127 

45 190 113.1 4.7 62.9 2. 11 21.0 4.099 

46 90 134.6 5.8 63.0 1. 23 12.2 2.388 

47 30 118.8 6.3 82.8 4.39 33.2 14.868 

47 70 108.8 3.2 108.4 1.59 9.2 9.223 

47 80 114.5 2.8 104.4 2.84 1.1 .0 15.200 

47 100 96.6 0.7 75.0 4.02 33.5 11.087 

47 110 88.8 7 • 1 76.8 0.95 7.7 2.761 

47 140 76.3 5.3 39.4 0.78 12.4 0.597 

49 30 139.6 13.6 56.5 0.89 9.8 1 .391 

49 150 120.5 4.5 91.8 0.97 6.6 3.994 

49 151 121 .7 2.9 63.6 0.52 5. 1 1 .027 

49 170 121 .4 4.5 75.7 0.81 6.7 2.292 

50 10 135.0 14. 1 52.8 1. 10 13.0 1.508 

50 60 136. a 9. 1 54.4 3.83 II LI • 0 5.561 



Table A-43--Continued. Raw data from 3rd order venules 
studied during the 1st minute 
following nerve stimulation. 

CATtl VESSEL/f 

50 

50 

AVE 
DEV 
N 

150 

160 

PA 

133.7 

116.9 

117.8 
15.2 
22 

PV 

7.9 

5.6 
3.3 
22 

D 

44.5 

55.4 

61.0 
23.0 
22 

V 

1. 85 

2.23 

1. 89 
1.18 
22 

N 

26.0 

25.2 

21.3 
12.9 
22 

VF 

1 .803 

3.370 

4.216 
4.459 
22 
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Table A-44. RaH data from 3rd order venules studied during 
the 3rd minute folloHing nerve stimulation. 

CATtl VESSELtF PA PV D V N VF 
------_ .. _----------------------------------------------------

45 40 124.0 4.7 39.6 1. 06 16.7 0.810 

45 60 120.7 4.3 31.5 0.62 12.4 0.305 

45 70 121 .3 4.2 21.7 0.28 7.9 0.064 

45 130 112.9 3.8 57.6 1.46 15.8 2.375 

45 140 116.0 3.6 27.9 0.64 14.3 0.243 

45 180 113.8 4. 1 55.5 0.63 7 • 1 0.952 

45 190 113.3 4. 1 62.9 1.30 12.9 2.524 

46 90 132.4 5.0 63.0 0.90 9.0 1.763 

47 30 114 • 1 6.4 85.4 1 .23 9.0 4.391 

47 70 113.0 3.0 107.8 0.45 2.6 2.580 

47 80 114. 1 4.5 104.6 0.70 4.2 3.778 

47 100 99.4 0.4 -1 -1 -1 -1 

47 110 93.8 9.3 77.0 0.51 4.2 1 .491 

47 140 93.0 8.7 39.4 0.18 2.8 0.135 

49 30 138.7 13.3 56.5 0.60 6.6 0.939 

49 150 121 .6 2.7 91.7 0.49 3.4 2.039 

49 151 121 • 1 1.7 63.9 o • 15 1.5 0.301 

119 170 122.2 2.7 75.7 0.48 4.0 1 .358 

50 10 138.4 12. 1 51.7 0.71 8.6 0.939 

50 60 135.8 9.0 54.5 1. 14 13.1 1 .661 



Table A-44--Continued. Raw data from 3rd order venules 
studied during the 3rd minute 
following nerve stimulation. 

CAT/f VESSEL1F 

50 

50 

AVE 
DEV 
N 

150 

160 

PA 

127.3 

118.6 

118.4 
12.4 
22 

PV 

2.2 

8.4 

5.4 
3.4 
22 

D 

44.5 

55.4 

60.11 
23.5 
21 

V 

0.68 

0.54 

0.70 
o .36 
21 

N 

9.5 

6 • 1 

8.2 
11.6 
21 

VF 

0.657 

0.816 

1 .434 
1 • 179 
21 
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Table A-45. R a \" d a t a fro ill 4 tho r d e r v e nul e s studied prior 
to nerve stimulation. 

CATtl VESSELl! PA PV D V 1'1 VF 
-------------------------------------------------------------

44 91 149.8 0.0 21.1 0.094 4.5 0.033 

44 92 149.0 0.0 20.5 0.059 2.9 0.019 

45 20 126.3 7 • 1 28.4 0.221 4.9 0.088 

45 30 132.3 6.2 29.1 0.399 8.6 0.166 

45 90 120.8 4. 1 28.5 0.375 8.2 0.150 

45 150 119.9 2.9 19.0 0.312 10.3 0.055 

45 200 110.8 2.6 12.6 0.182 9.0 0.014 

46 70 130.9 ' 4.7 26.4 0.078 1.8 0.026 

49 40 137.8 11.9 37.9 0.292 4.8 0.206 

49 50 138.1 8.7 19.9 0.125 3.9 0.024 

49 70 137.8 3.9 26.5 0.244 5.7 0.084 

49 90 133.5 , 8.3 24.1 0.251 6.5 0.072 

49 100 131 .1 8.2 26.3 0.369 8.8 0.125 

49 130 122.1 2.8 28.2 0.302 6.7 0.117 

49 190 122.8 3.2 49.4 0.357 4.5 0.427 

119 200 120.5 1.4 32.3 0.182 3.5 0.093 

50 40 131 .9 9.8 17.7 0.232 8.2 0.036 

50 90 138.4 6.3 12.2 0.059 3.0 0.004 

50 100 138.7 5.9 22.3 0.259 7.2 0.063 

50 110 137.5 4.9 20.8 0.265 8.0 0.056 

50 170 118.9 10. 1 22.9 0.154 4.2 0.040 
-------------------------------------------------------------
AVE 130.9 5.4 25.0 0.229 6.0 0.090 
DEV 10. 1 3.3 8.3 0.106 2.4 0.094 
N 21 21 21 21 21 21 
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Table A-46. Ravr data from 4th order venules studied during 
the 10 second period immediately folloHine; 
nerve stimulation. 

CATII VESSELtf PA PV D V N VF 
-----------------_._------------------------------------------

44 91 141.0 0.0 21.0 0.798 23.8 0.172 

44 92 152.3 0.0 20.4 0.472 14.5 0.096 

45 20 127.8 6.5 28.4 0.945 20.8 0.375 

45 30 119.5 6.0 29.1 1 .455 32.3 0.910 

45 90 116.3 4.3 28.5 0.843 18.5 0.336 

45 150 114. 1 4.5 18.6 1 .206 40.6 0.204 

45 200 103.7 4.0 12.6 0.409 20.3 0.032 

46 .70 123.4 5.5 25.4 0.296 7.3 0.094 

49 40 138.1 12.0 37.8 0.604 10.0 0.424 

49 50 137.2 12.5 19.8 0.928 29.2 0.179 

49 70 139.8 3.4 26.5 1 .506 35.5 0.519 

49 90 135.6 8.5 24.0 0.951 24.7 0.270 

49 100 129.9 8.0 26.0 1 .189 28.5 0.396 

49 130 126.2 8.5 28.3 0.762 16.8 0.300 

49 190 124.9 2.4 49.5 0.882 11. 1 1 .061 

49 200 124.0 2.5 32.3 0.960 18.6 0.492 

50 40 131 .6 10.0 17 .6 1 .600 56.7 0.245 

50 go 142.6 6.5 12.2 0.290 14.9 0.021 

50 100 137.3 5.2 22.3 0.975 27.3 0.239 

50 110 135.5 6.8 20.8 1 .492 44.9 0.316 

50 170 115.4 10.5 23.0 0.579 15.8 0.150 
-------------------------------------------------------------
AVE 129.3 6.2 25.0 0.912 24.4 0.325 
DEV 11.6 2.4 8.3 0.393 12.4 0.260 
rJ 21 21 21 21 21 21 
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Table A-47. R a yl d a t a fro m 4 tho r d e r v e nul e sst u die d durinG 
the 1st minute follot-ling nerve stimulation. 

CATtl VESSEL/I PA PV D V N VF 
-------------------------------------------------------------

44 91 146.8 0.0 21.0 0.322 15.3 0.112 

44 92 151 .4 0.0 20.3 0.202 9.9 0.065 

45 20 127.7 6.7 28.4 0.604 13.3 0.240 

45 30 123.6 5.8 29.1 0.992 21.3 0.412 

45 90 120.3 4.3 28.5 0.470 10.3 0.187 

45 150 118.9 4.6 18.6 0.862 29.0 0.146 

45 200 116.3 4.3 12.9 0.371 17.9 0.031 

46 70 129.3 5.4 25.9 0.161 3.9 0.053 

49 40 138.7 12.3 37.8 0.422 7.0 0.296 

49 50 137.1 12.4 19.8 0.625 19.7 0.121 

49 70 138.2 3.4 26.5 1 • 135 26.8 0.392 

49 90 133. '1 8.2 24.0 0.632 16.4 0.179 

49 100 130.9 8.0 26.0 0.807 19.4 0.269 

49 130 125.0 8.8 28.3 0.559 12.3 0.220 

49 190 126.0 2.4 49.2 0.848 10.8 1 .006 

49 200 120.9 2.5 32.2 0.436 8.5 0.222 

50 40 131 .9 10.3 17 .3 1 .328 48.1 0.195 

50 90 139.7 6.4 12.2 0.210 10.8 0.015 

50 100 139.6 5.2 22.4 0.915 25.6 0.224 

50 110 135.4 6.7 20.8 1.044 31.4 0.221 

50 170 119.6 10.3 23.0 0.538 14.6 0.139 
-------------------------------------------------------------
AVE 131 .0 6 • 1 25.0 0.642 17.7 0.226 
DEV 9.6 3.5 8.2 0.325 10.2 0.207 
n 21 21 21 21 21 21 
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Table A-48. RaH data from 4th order venules studied durinG 
the 3rd minute folloHing nerve stimulation. 

CATtl VESSELIF PA PV D V N VF 
-------------------------------------------------------------

44 91 146.3 0.0 21.0 0.142 6.7 0.049 

44 92 142.5 0.0 20.4 0.069 3.4 0.023 

45 20 126.3 6.5 28.5 0.257 5.6 0.102 

45 30 124.4 5.7 29.1 0.486 10.4 0.203 

45 90 120.0 4. 1 28.5 0.608 13.3 0.242 

45 150 114.6 4.2 18.7 0.388 13.0 0.066 

45 200 115.8 4.5 12.5 0.189 9.4 0.015 

46 70 129.3 5.9 26.9 0.084 1. 9. 0.030 

49 40 139.5 12.2 37.9 0.329 5.4 0.232 

49 50 137.9 13.3 19.8 0.234 7.4 0.045 

. 49 70 137.4 2.3 -1 -1 -1 -1 

49 90 132.3 8.9 24.2 0.344 8.9 0.099 

49 100 129.8 8.3 26.1 0.280 6.7 0.093 

49 130 122.9 5.2 28.4 0.317 7.0 0.125 

49 190 126.0 2.4 49.3 0.282 3.6 0.335 

49 200 120.2 1.9 32.2 0.263 5. 1 0.13 Ll 

":J 131 .6 8.9 14.9 0.554 23.2 0.061 

S J ~37.6 6.2 12.2 0.089 4.6 0.007 

50 100 135. 1 5.3 22.4 0.338 9 • !~ 0.083 

50 110 133.2 6.4 20.8 0.257 7.7 0.055 

50 170 113.9 10.0 22.9 0.221 6.0 0.057 
-------------------------------------------------------------
AVE 129.4 5.9 24.8 0.286 7.9 0.103 
DEV 9.3 3.5 8.6 o • 1 !~ 5 4.7 0.087 
II 21 21 20 20 20 20 
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Table A-49. RaH data from 5th order venules studied prior to 
nerve stimulation. 

CAT:fF VESSEL# PA PV D V N VF 
-------------------------------------------------------------

44 80 151 .2 3.5 11.3 0.241 13.9 0.057 

45 01 128.4 5.8 14.6 0.084 3.6 0.009 

45 02 128.0 5.8 12.9 0.088 4.3 0.007 

45 04 127.8 5.7 9.6 0.092 7.3 0.005 

45 05 123.4 3.7 8.9 0.207 18.0 0.010 

45 10 123.9 6.3 18.7 0.127 4.2 0.022 

45 80 118.9 4.2 12.0 0.468 24.11 0.033 

45 170 113.7 3.3 10.4 0.251 15. 1 0.013 

46 01 125.2 4.9 12.9 0.068 3.3 0.006 

46 60 128.9 5. 1 14.2 0.180 7.9 0.018 

47 120 95.7 6.3 27.6 0.110 2.5 0.041 

49 02 140.6 8.2 7.7 0.033 3.2 0.001 

49 04 139.5 3.2 7.6 0.029 3.0 0.001 

49 06 124.5 2.3 10.2 0.063 3.8 0.003 

49 60 139.9 8.2 17 .1 0.104 3.8 0.015 

49 140 122.3 3.7 19.4 0.129 11 • 1 0.024 

50 01 137.2 4.3 6.7 0.071 8. 1 0.002 

50 80 138.4 7.2 12. 1 0.149 7.7 0.011 

50 180 117 .5 9.8 16.2 0.248 9.6 0.032 
------------------------------~------------------------------
AVE 127.6 5.3 13.5 0.144 7.8 0.016 
DEV 12.2 2.0 5. 1 0.104 6.0 0.015 
N 19 19 19 19 19 19 
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Table A-50. RaH data from 5th order venules studied during 
the 10 second period immediately follo\-ling 
nerve stimulation. 

CATtt VESSELIf PA PV D V N VF 
-------------------------------------------------------------

44 80 149.4 3.4 18.2 1 .023 35.2 0.166 

45 01 125.5 5.0 14.6 0.128 5.5 0.013 

45 02 122. '2 5.3 12.8 0.119 5.8 0.010 

45 04 123.9 5.5 9.6 0.118 9.4 0.006 

45 05 120.8 4.0 9.0 0.239 20.5 0.012 

45 10 117 • 4 5.5 18.7 0.664 22.2 o. 114 

45 80 119.2 4.2 12.0 1.192 62.0 0.084 

45 170 108.9 4.5 10.4 0.459 27.6 0.024 

46 01 115.8 4.8 12.9 0.100 4.9 0.008 

46 '60' 132.1 4.5 14. 1 0.473 20.9 0.046 

47 120 89.2 6.0 27.7 0.923 20.4 0.347 

49 02 136.9 11.0 7.7 0.069 6.8 0.002 

49 04 138.4 3.0 7.6 0.064 6.5 0.002 

49 06 126.7 8.0 10.3 0.089 5. 11 0.005 

49 60 134.8 8.0 17 .2 0.431 15.7 0.062 

49 140 120.7 4.5 19.4 0.304 9.8 0.056 

50 01 135.0 6.0 6.7 0.075 8.7 0.002 

50 80 141 .7 6.5 12. 1 0.583 30.0 0.0 112 

50 180 111 .4 9.5 16.2 0.796 30.6 0.103 
-------------------------------------------------------------
AVE 124.7 5.8 13.5 0.413 18.3 0.058 
DEV 13.7 2. 1 5.2 0.360 14.5 0.083 
rI 19 19 19 19 19 19 
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Table A-51. RaH data from 5th order venules studied during 
the 1st minute fo llo~-ling nerve stimulation. 

CAT if VESSEL if PA PV D V N VF 
-------------------------------------------------------------

44 80 149.0 3.3 18.7 0.510 27.3 0.138 

45 01 129.1 4.8 14.6 0.109 4.6 0.011 

45 02 126.2 4.8 12.9 o • 106 5. 1 0.009 

45 04 124.3 5.3 9.6 0.110 8.8 0.006 

45 05 123.2 4.4 8.8 0.227 19.8 0.011 

45 10 125.3 5.4 18.7 0.383 12.8 0.066 

45 80 120.3 4.3 12.0 0.864 45.0 0.061 

45 170 113.5 5.2 10.4 0.281 16.9 0.015 

46 . 0 1 116.8 4.8 12.9 0.071 3.4 0.006 

46 60 128.5 4.0 14. 1 0.27"8 12.3 0.027 

47 120 88.5· 6.0 27.7 0.742 16.8 0.279 

49 02 137.4 11.9 7.7 0.055 5.4 0.002 

49 04 139.7 2.7 7.6 0.052 5.3 0.002 

49 06 124.6 8. 1 10.2 0.068 4.2 0.004 

49 60 137.5 7 .1 17 • 1 0.230 8.4 0.033 

49 140 121 • 1 4.3 19.4 0.194 6.3 0.036 

50 01 136.9 6.0 6.7 0.073 8.4 0.002 

50 80 139.3 6.6 12. 1 0.428 22.0 0.031 

50 180 114.4 9.4 16.2 0.507 19.6 0.065 
-------------------------------------------------------------
AVE 126 • 1 5.7 13.5 0.278 13.3 0.042 
DEV 13 .2 2.2 5.2 0.239 10.4 0.067 
N 19 19 19 19 19 19 
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Table A-52. Rat-! data from 5th order venules 3tudied during 
the 3rd minute folloHing nerve stimulation. 

CATfl VESSELII PA PV D V N VF 
-------------------------------------------------------------

44 80 148.2 3.3 19.0 0.258 13 .6 0.073 

45 01 135.1 5.4 14.6 0.080 3.4 0.008 

45 02 124.5 5.4 12.8 0.094 4.6 0.008 

45 04 125.0 5.2 9.6 0.084 6.7 0.005 

45 05 121 .3 3.7 9.0 0.213 18.2 0.010 

45 10 . 126.3 6.0 18.7 0.132 4.4 0.023 

45 80 120.9 4.2 12.0 0.492 25.5 0.035 

45 170 114.7 4.9 10.4 0.224 13.5 0.012 

46 01 123.6 4.5 12.9 0.072 3.5 0.006 

LI6 60 132.1 4.0 14.2 0.205 9.0 0.020 

47 120 93.5 5.9 27.7 0.231 5.2 0.087 

49 02 137.9 12.9 7.7 0.045 4.5 0.002 

49 04 136.9 2.8 7.6 0.049 5.0 0.002 

49 06 122.6 4.6 10.2 0.059 3.6 0.003 

49 60 137.4 5.9 17 .2 0.102 3.7 0.015 

49 140 121 .3 3.7 19. LI 0.094 3.0 0.017 

50 01 133.8 6.0 6.7 0.057 6.6 0.002 

50 80 138.2 6.9 12. 1 0.193 10.0 0.014 

50 180 120.3 9.3 16.3 0.250 9.6 0.032 
-------------------------------------------------------------
AVE 127.0 5.5 13.6 0.154 8 • 1 0.020 
DEV 11.8 2.3 5.2 O. 111 6.0 0.023 
N 19 19 19 19 19 19 
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Table A-53. Ra'\v data fro 0 6th order venules studied prior to 
nerve stimulation. 

CATtF VESSEL# PA PV D V N VF 
-------------------------------------------------------------

45 03 123.3 5.8 6.3 0.038 4.6 0.0009 

46 02 120.0 4.7 4.4 o • 08'{ 15.2 0.0010 

46 03 128.6 4.6 5.5 0.035 4.S 0.0006 

46 04 128.5 4.6 6.0 0.044 5.7 0.0010 

46 05 126.2 4.4 3.7 0.058 11.8 0.0005 

46 06 127.9 4.5 7 • 1 0.034 3.6 0.0010 

46 061 128.9 4.6 5.6 0.040 5.6 o.OOOS 

49 01 140.3 8.3 4.3 0.028 5. 1 0.0003 

49 03 140.3 3.3 5 .. 6 0.045 6.2 0.0009 

50 02 129.0 2.6 6.7 0.062 7 • 1 0.0017 

50 03 130.8 2.7 5.4 0.038 5. !I 0.0007 

50 04 114.8 10.0 8.3 0.094 8.7 0.0039 

50 120 132.8 4.8 14. 1 0.223 9.9 0.0220 

50 130 128.8 3.2 8. 1 0.175 16.6 0.0070 
-------------------------------------------------------------
AVE 128.6 5.2 6.5 0.072 7.9 0.0030 
DEV 6.8 2.2 2.6 0.058 4. 1 0.0058 
N 14 14 14 14 14 14 
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Table A-54. RaVT data from 6th order venules studied during 
the 10 second period immediately folloHing 
nerve stimulation. 

CATII VESSELfF PA PV D V N VF 
-------------------------------------------------------------

45 03 112.9 5.0 6.3 0.108 13.3 0.0026 

46 02 129.8 4.5 4.4 0.148 25.8 0.0017 

46 03 112.8 4.4 5.5 0.074 10.3 0.0014 

46 04 123.7 4.6 5.9 0.093 12.2 0.0020 

46 05 126.8 4.5 3.8 0.083 16.7 0.0007 

46 06 129.1 4.3 7 • 1 0.068 7..3 0.0021 

46 061 132.0 4.0 5.6 0.051 7 • 1 0.0010 

49 01 138.8 11.5 4.3 0.061 11.0 0.0007 

49 03 137.0 ·12.0 5.6 0.073 10.0 0.0014 

50 02 131 .0 2.5 6.7 0.076 8.7 0.0020 

50 03 132.9 2.7 5.3 0.080 11. 5 0.0014 

50 04 114.8 10.0 8.3 o. 119 11. 1 0.0050 

50 120 133.4 4.7 14. 1 0.675 29.9 0.0660 

50 130 131 • 1 3. 1 8. 1 0.739 70.3 0.0290 
--------------------------------------------------------------
AVE 127.6 5.6 6.5 0.175 17.5 0.0083 
DEV 8.5 3.2 2.6 0.227 16.6 0.0181 
N 14 14 14 14 14 14 
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Table A-55. RaVl data fron 6th order venules studied during 
the 1 st minute follolVing nerve stimulation. 

CATtf VESSELfI PA PV D V N VF 
-------------------------~-----------------------------------

45 03 127.9 11.7 6.3 0.075 9 • 1 0.0018 

46 02 124.6 4.5 4.4 0.074 13.0 0.0009 

46 03 119.6 4.4 5.4 0.044 6.2 0.0008 

46 04 124.4 4.5 6.0 0.063 8. 1 0.0014 

46 05 125.0 4.6 3.8 0.083 16.8 0.0007 

46 06 130.1 4.0 7 • 1 0.034 3.7 0.0010 

46 061 130.0 3.5 5.6 0.040 5.6 0.0008 

4.9 01 136.9 11 .9 4.3 0.050 9.0 0.0006 

49 03 136.8 12.0 5.5 0.057 7.9 0.0011 

50 02 132.3 2.3 6.7 0.071 8.2 0.0019 

50 03 130.0 2.6 5.4 0.069 9.9 0.0012 

50 04 119. 1 10. 1 8.2 O. 111 10.4 0.0045 

50 120 134.2 4.7 14 • 1 0.592 26.3 0.0580 

50 130 130.3 3.0 8. 1 0.661 63.0 0.0260 
-------------------------------------------------------------
AVE 128.7 5.5 6.5 0.144 14. 1 0.0072 
DEV 5.6 3.3 2.5 0.206 15. 1 0.0161 
N 14 14 14 14 14 14 
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Table A-56. TIaH data from 6th order venules studied during 
the 3rd minute follot-ling nerve stimulation. 

CATl/: VESSELtI PA PV D V N VF 
-------------------------------------------------------------

45 03 120.9 5.4 6.3 0.041 5.0 0.0010 

46 02 127.7 4.6 4.4 0.030 5.2 O.OOO!I 

46 03 113.2 4.5 5.4 0.038 5.4 0.0007 

46 04 130.6 4.5 6 .1 0.052 6.6 0.0012 

46 05 125.7 4.5 3.7 0.067 13.8 0.0006 

46 06 130.0 4.4 7 • 1 0.024 2.6 0.0008 

46 061 133.9 3.2 5.5 0.047 6.6 0.0008 

49 01 137.6 12.8 4.3 0.036 6.5 0.0004 

49 03 138.0 12.9 5.6 0.043 5.9 0.0008 

50 02 134.4 2.3 6.7 0.072 8.2 0.0019 

50 03 127.8 2.5 5.4 0.038 5.4 0.0007 

50 04 120.0 9.5 8.3 0.100 9.3 0.0042 

50 120 131 .7 4.9 14. 1 0.259 11.5 0.0250 

50 130 129.6 3. 1 8.1 0.258 24.5 0.0100 
-------------------------------------------------------------
AVE 128.6 5.6 6.5 0.079 8.3 0.0034 
DEV 7.0 3.5 2.6 0.078 5.5 0.0067 
N 14 14 14 14 14 14 
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Table A-57. Ra \'1 data from large venules studied prior to 
hemorrhage~ 

CAT/} PA PV D V N VF 
-------------------------------------------------------------

3 112.0 0.0 40.0 6.8 107.0 5.3 

7 128.1 4.0 64.9 0.63 6.0 1. 29 

9 132.8 0.1 98.5 1.0 6.6 5.0 

11 154.1 7.4 43.8 4.2 59.9 4.0 

12 143.6 11 .5 68.0 1.4 13.0 3.2 

13 137.0 8.7 79.9 1.0 7.9 3.2 

14 142.4 7.5 98.5 0.23 1.5 1.1 

19 126.3 1.7 187.3 9.0 30.0 156.5 

19 126.4 2.0 174.0 7.8 27.8 117 .7 
-------------------------------------------------------------
AVE 133.6 4.8 95.0 3.56 28.8 33.0 
DEV 12.3 4. 1 52.8 3.46 34.5 59.8 
N 9 9 9 9 9 9 
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Table A-58. Raw data from large venules studied 20 minutes 
folloHing hemorrhage. 

CATI! PA PV D V N VF 
---------~---------------------------------------------------

3 76.9 0.0 42.3 1.0 15.2 0.90 

7 71.1 2.2 66.1 1.0 9.5 2.15 

9 64.8 0.0 101 .4 0.37 2.3 1. 85 

11 66.4 7.2 43.5 0.21 3.0 0.19 

12 70.0 10. 1 71.6 0.41 3.5 1. 02 

13 82.4 6.4 79.9 0.48 3.7 1.50 

14 89.7 7.2 99.1 0.00 0.0 0.00 

19 64.8 0.7 187.9 0.82 2.7 14. 15 

19 62.2 1.4 174.0 0.79 2.8 11. 77 
-------------------------------------------------------------
AVE 72.0 3.9 96.2 0.56 4.7 3.72 
DEV 9.2 3.8 52.4 0.36 4.7 5.32 
N 9 9 9 9 9 9 
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Table A-59. RaH data from large venules studied 40 minutes 
folloHing hemorrhage. 

CATII PA PV D V N VF 
----------------------------------.-~-------------------------

3 68.8 0.0 41.4 1. 15 17.4 0.97 

7 64.4 2.4 66.5 0.34 3.2 0.73 

9 50.8 .0.0 99.3 0.37 2.3 1. 78 

11 73.0 5.8 46.2 0.73 9.8 0.76 

12 75.5 10. 1 69.5 0.42 3.8 1. 00 

13 69.3 6.5 80.9 0.24 1.9 0.78 

14 59.2 7.0 99.1 0.00 0.0 0.00 

19 66.4 1.3 183. 1 0.61 2. 1 10.12 

19 67.1 0.8 170.4 0.74 2.7 10.59 
-------------------------------------------------------------
AVE 66.1 3.8 95.2 0.51 4.8 2.97 
DEV 7.4 3.7 50.5 0.34 5.4 4.21 
N 9 9 9 9 9 9 



263 

Table A-60. RaH data from large venules studied 100 minutes 
follo\.,ring hemorrhage. 

CATIi PA PV D V N VF 
-----------------------------~-------------------------------

3 60.4 0.0 42.3 1. 46 21.5 1. 213 

7 61.3 0.0 67.1 0.74 6.9 1. 63 

9 54.1 0.2 99.6 0.28 1.7 1. 34 

11 59.3 9.4 47.4 0.86 11.3 0.94 

12 66.2 9.9 69.7 0.24 2.2 0.58 

13 62.2 1.7 83.5 0010 0.8 0.34 

14 64.4 7.1 102.8 0.02 o. 1 0.08 

19 68.9 6.4 184.5 1.04 3.5 17.39 

19 75.5 8.0 169.7 0.81 3.0 11 .50 
-------------------------------------------------------------
AVE 63.6. 4.7 96.3 0.62 5.7 3.90 
DEV 6.2 4.2 50.3 0.48 6.9 6.18 
H 9 9 9 9 9 9 



264 

Table A-61. RaH data from small venules studied prior to 
hemorrhage. 

CATtl PA PV D V N VF 
-------------------------------------------------------------

3 113.3 0.0 25.3 0.33 8.2 0.104 

5A 135.0 5.0 27.9 0.49 10.8 0.190 

5B 138.2 5.0 12. 1 0.52 29.8 0.041 

6 116.7 3.5 27.5 0.02 0.47 0.008 

7 128.7 4.0 35.6 0.21 3.7 0.131 

9 135.7 0.5 24.9 0.07 1.8 0.021 

11 154.9 7.3 17 • 1 0.07 2.7 0.010 

12 144.9 11.5 25.6 0.22 5.4 0.072 

13 135.5 7 • 1 18.5 0.04 1.4 0.007 

14 140.9 7.5 38.9 1. 15 18.4 0.857 
-------------------------------------------------------------
AVE 134.4 5. 1 25.3 0.31 8.3 0.144 
DEV 12.4 3.4 8.1 0.34 9.3 0.258 
N 10 10 10 10 10 10 
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Table A-62. RaH data from small venules studied 20 minutes 
folloHing hemorrhage. 

CAT II PA PV D V N VF 
-------------------------------------------------------------

3 79.2 0.0 29.8 0.19 3.9 0.082 

5A 63.3 4.8 24.1 0.22 5.6 0.060 

5B 64.1 5.0 11.8 o. 16 8.7 0.011 

6 63.0 0.0 26.0 0.02 0.46 0.006 

7 71.8 2.6 33.4 0.07 1 • LI 0.041 

9 53.2 0.0 24.0 0.02 0.6 0.007 

11 61.9 5.4 16.0 0.02 0.9 0.003 

12 79.0 10.0 23.6 0.03 0.9 0.009 

13 92.7 6.5 18.5 0.05 1.7 0.008 

14 89.3 7.2 38.2 0.00 0.0 0.000 
-------------------------------------------------------------
AVE 71.8 4.2 24.5 0.08 2.4 0.023 
DEV 12.9 3.4 7.9 0.08 2.8 0.028 
N 10 10 10 10 10 10 
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Table A-63. RaH data from small venules studied 40 rllinutes 
follovring hemorrhage. 

CATif PA PV D V rJ VF 

----~--------------------------------------------------------
3 68.7 0.0 27.5 0.20 4.7 0.076 

5A 57.2 5.2 23.5 0.10 2.6 0.030 

5B 56.0 5.2 10.6 0.10 6.0 0.006 

6 63.0 0.0 25.8 0.01 0.34 0.005 

7 67.4 2.5 34.0 0.06 1.0 0.033 

9 52.0 0.0 23.6 0.06 1.4 0.015 

11 75.1 16 • 1 17 .0 0.02 0.8 0.003 

12 74.9 10.0 22.1 0.04 1.2 0.010 

13 70.0 6.2 18.5 0.00 0.0 0.000 

14 60.6 7.2 44.0 0.00 0.0 0.000 
----------~--------------------------------------------------
AVE 64.5 5.2 24.7 0.06 1.7 0.018 
DEV 8.0 5. 1 9.3 0.06 1.8 0.024 
N 10 10 10 10 10 10 
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Table A-64. RaH data from small venules studied 100 minutes 
follotor ing her.lOrrhage. 

CATti PA PV D V N VF 
------------------------------------------------------------

3 59.0 0.0 28.5 0.19 4. 1 0.075 

5A 62.5 4.8 20.0 0.13 4.0 0.030 

5B 61.3 4.7 11.0 0.05 2.8 0.003 

6 54.0 0.0 26.4 0.02 0.41 0.006 

7 66.8 0.0 32.1 0.13 2.5 0.064 

9 53.3 0.3 23.4 0.09 2.4 0.024 

11 60.1 11.5 16.9 0.02 0.60 0.002 

12 62.8 9.8 25.4 0.04 1.0 0.013 

13 53.9 1.3 18.4 0.03 1.0 0.005 

14 63.0 7.0 44.6 0.04 0.61 0.040 
-------------------------------------------------------------
AVE 59.7 3.9 24.7 0.07 1.9 0.026 
DEV 4.6 4.3 9.3 0.06 1.4 0.026 
N 10 10 10 10 10 10 



APPENDIX B 

RAW DATA TABLES FOR ARTERIOLES AND VENULES 
PRESENTED IN CHAPTER 3 

Abbreviations used: 
CAT # cat number 

VESSEL If 

PA 

PV 

D 

V 

N 

VF 

P 

AVE 

DEV 

!J 

vessel number 

mean arterial pressure (mm Hg) 

mean venous pressure (mm Hg) 

vessel diameter (pm) 

dua~-slit velocity (mm/sec) 

normalized velocity (sec- 1) 

vessel volume flow (nl/sec) 

microvascular pressure (mm Hg) 

average value of the parameter, using average 
values from each vessel 

standard deviation 

number of vessels in which the parameter was 
measured 

PA Control measurements made under control conditions 

PA 80 

PA 60 

PA 40 

PA 20 

measurements made during arterial pressure 
reduction to 80 mm Hg 

measurements made during arterial pressure 
reduction to 60 mm HG 

measurements made during arterial pressure 
reduction to 40 mm Hg 

measurements made during arterial pressure 
reduction to 20 mm Hg 

If the number -1 appears in the table, this indicates that the 
parameter was not measured in that particular vessel. 
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Table B-1. Pressure measurements and rat-! data fro fa 1st order 
venules. 

CATII VESSELfJ PA PV D V N VF P 
----------------------------------------------------------------

75 5 131 .5 4.0 300.6 1.0 2. 1 45.7 12.0 
82.6 3.5 301 .9 0.8 1.6 34.4 9.0 
136.4 4.0 302.7 1 .4 2.9 611. 1 12.75 
61.7 3.5 301 .8 0.5 1.1 24.5 8.75 
135.1 4.0 293.4 1.5 3.2 64.3 11.75 
42.3 3.5 296.0 0.111 0.3 2.7 7.75 
134.9 4.0 296.1 1.2 2.6 53.8 11.5 
20.5 2.5 289.0 0.0 0.0 0.0 6.0 

81 3 111 .2 4.0 126.6 6.6 32.8 46.3 11 .0 
61.5 3.5 126.4 2.8 13.7 21.7 8.25 
106.3 4.0 126.6 5.9 29.3 46.7 11.0 
81.8 3.5 126.5 4. 1 20.4 32.5 9.0 
108.0 4.0 126.5 5.6 27.7 44.2 10.5 
42.0 3.5 126.9 1.4 6.9 11. 1 7.0 
108.4 4.0 126.6 5.4 26.6 42.3 11.0 
21.3 3.5 126.7 0.36 1.8 2.8 4.0 

81 4 109.1 4.0 152.6 12. 1 49. 11 138.0 11.5 
108.4 4.0 152.6 14.2 58.2 162.4 11.5 
63.0 4.0 152.7 6.7 27.4 76.7 9.5 
107.4 4.0 152.9 14.5 59.4 166.8 11.0 
83.4 3.5 152.4 9.4 38.5 107.0 9.5 
108.7 4.0 152.4 12. 1 . 49.5 137.6 11.0 
43.1 3.5 151 .9 3.9 15.9 43.7 7.0 
109.3 4.0 152.4 12.5 51.3 142.5 11.0 
19.9 3.5 152.3 1.4 5.8 16 .1 6.5 

82 6 89.3 5.5 228.8 5.2 14. 1 132.5 10.0 
43.2 5.5 228.9 3.0 8.2 77.6 9.0 
91.2 5.5 229.0 5. 1 13.8 130.0 9.0 
78.5 5.5 228.8 4. 1 11.3 106.0 8.5 
89.0 6.0 228.8 5.9 16.0 150.3 8.5 
18.0. 5.0 228.8 1.6 4.4 41.0 6.5 
93.8 7.0 228.9 5.6 15.2 143.6 9.0 
40.5 6.0 228.8 2.5 6.9 64.8 6.0 

83 2 98.3 5.0 164.7 6.5 24.6 86.4 8.0 
58.1 3.0 165.0 4.5 17.0 59.8 5.0 
100.8 3.5 164.9 7 • 1 26.9 94.8 8.5 
77.2 3.5 16 11.9 5.5 20.9 73.5 7.5 
100.2 4.5 164.7 6 • 1 23.2 . 81.4 8.5 
40.3 3.0 164 .• 8 3.6 13.8 48.6 6.0 
1011.0 3.5 165.0 7.7 29.2 103.0 7.0 
25.9 3.0 165.2 2.3 8.8 31.1 4.5 
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Table B-1--Continued. Pressure measureI:lents and raH data from 
1st order venules. 

CATtf VESSELII PA PV D V N VF P 
----------------------------------------------------------------

83 3 109.9 5.0 144.8 5.5 23.8 56.8 9.5 
60.1 3.0 145.4 2.6 11.4 27.5 6.5 
105.8 3.5 144.7 4.8 20.5 48.8 8.0 
78.2 3.5 145.1 3.6 15.4 36.8 7.0 
106.8 4.0 144.6 5.0 21 .4 50.9 8.0 
40.8 3.5 144.5 2.5 11.0 25.9 6.8 
108.4 5.0 145.0 5.1 21.9 52.4 9.0 
24.1 3.0 145.2 2.3 10.0 24.0 5.5 

-----------------------------------------------------------------
PA CONTROL 
AVE 108.5 4.4 185.8 6.2 24.7 89.0 10.0 
DEV 14.5 0.8 65.4 3.8 17 .0 45.8 1.6 
N 6 6 6 6 6 6 6 

PA 80 
AVE 80.3 3.8 186.6 4.6 18.0 65.0 8.4 
DEV 2.6 0.8 66.4 2.8 12.3 35.5 1.0 
N 6 6 6 6 '6 6 6 

PA 60 
AVE 60.8 3.3 178.3 3.4 14. 1 42.0 7.6 
DEV 1.8 0.3 70.5 2.3 9.5 24.7 1.8 
N 5 5 5 5 5 5 5 

PA 40 
AVE 41.7 3.8 185.5 2.4 9.2 33.9 7.0 
DEV 1.0 1.0 64.4 1.4 5.6 25.5 0.6 
N 6 6 6 6 6 6 6 

PA 20 
AVE 21.6 3.6 185.7 1.3 5. 1 19.2 5.5 
DEV 2.9 0.7 64.3 1.0 3.9 16.0 1.0 
tJ 6 6 6 6 6 6 6 
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Table B-2. Pressure measurements and raH data fraIIl2nd order 
venules. 

CATfF VESSELfi PA PV D V N VF P 
------------------------------------------------------~---------

58 6 108.0 7.5 47.4 4.5 59.8 4.9 23.0 . 
BO.O 7.0 47.4 2.6 34.0 2.8 18.0 
108.0 7.5 47.5 3.5 45.6 3.9 21.5 
60.0 7.0 47.5 1.6 22.1 1.B 1B .0 
10B.0 7.5 47.4 3.2 42.0 3.5 26.0 
40.0 7.0 47.4 0.6 8.5 0.7 14.0 
108.0 7.0 47.6 2.7 35.6 3.0 24.0 
BO.O 7.0 47.6 1.9 24.6 2.0 16.5 
10B~0 7.0 47.6 4.0 52.7 4.4 21.5 
20.0 7.0 ·47.5 0.4 5.0 0.4 9.0 

59 3 104.1 8.0 49.1 4.8 61.0 5.7 9.0 
79.6 6.5 49.1 4. 1 53.0 4.9 7.8 
104.6 7.0 49.1 5. 1 65.0 6 • 1 9.0 
38.8 6.0 49.1 3. 1 39.7 3.7 6.5 

61 3 104.0 3.0 53.3 3.7 43.6 5.2 8.0 
60.0 3.0 54.3 . 2.4 26.7 3.4 6.0 
10B.0 3.0 53.6 3.9 45.3 5.5 9.8 
40.0 3.0 53.5 1.7 20.0 2. LI 6.5 
106.0 3.5 53.4 4.3 50.3 6.0 9.5 
26.0 3.0 53.4 0.9 9.8 1.2 5.0 
102.0 3.5 53.4 3.2 37.0 4.4 8.8 
78.0 3.5 53.5 2.6 29.B 3.6 7.0 

62 3 60.6 7.5 102.3 3.B 23.5 19.6 9.0 
109.0 7.5 102.4 3.B 22.8 19.2 11.5 
80.1 7.5 102.4 3.8 23.0 19.4 10.0 
110.6 8.0 102.3 3.8 23.1 19.4 11.8 
41.7 8.0 102.3 3.4 20.4 17.2 8.5 
111 .4 8.0 102.3 3.9 24.1 20.3 11.5 
21.4 7.5 102.4 2.6 15.8 13.3 6.5 
111 .5 8.0 102.9 4.0 24.6 21.1 11.8 
79.9 8.0 102.9 3.9 23.9 20.5 10.0 
111. 3 8.0 103.2 4.2 25.6 22.1 11.0 
58.7 7.8 103.6 3.7 22.5 19.7 9.0 

66 3 122.0 5.0 52.1 4.0 L18.2 5.3 5.5 
46.0 4.5 52.1 1.5 18. 1 2.0 4.5 
124.0 5.0 52.1 4.0 47.8 5.3 6.0 
80.0 4.8 52.0 2.6 31.4 3.5 5.0 
126.0 5.0 52.1 3.7 44.7 5.0 6.0 
62.0 4.5 52.1 1.8 21.9 2.4 4.5 
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Table B-2--Continued. Pressure measurements and ra \ ... data froru 
2nd order venules. 

CAT/I VESSELfF PA PV D V N VF P 
----------------------------------------------------------------

71 88.0 6.0 68.3 0.17 1.6 0.40 16.0 
80.0 5.5 68.5 0.20 1.5 0.39 14.8 
88.0 5.5 68.6 0.18 1.6 0.39 16.5 
89.0 5.5 68.4 0.06 0.55 0.14 15.5 
60.0 5.5 68.5 0.05 0.46 0.12 13.5 
88.0 5.5 69.0 0.06 0.51 0.13 15.0 
40.0 5.5 69.5 0.04 0.37 0.10 11.5 
86.0 5.5 69.4 0.07 0.64 0.17 16.0 
40.0 5.5 69.5 0.06 0.54 0.14 11.5 
86.0 5.5 69.5 0.09 0.80 0.21 15.5 
24.0 5.5 69.5 0.04 0.38 0.10 10.0 
85.0 5.5 69.5 0.09 0.80 0.21 14.5 
24.0 5.5 69.4 0.05 0.49 0.13 10.0 
84.0 5.5 69.5 0.07 0.66 0.17 14.5 
40.0 5.5 69.5 0.06 0.56 0.15 10.8 
84.0 5.5 69.4 0.09 0.81 0.21 15.0 

73 2 94.0 4.0 49.0 3.8 48.2 4.4 17.0 
59.0 3.5 49.1 2.0 25.2 2.3 12.0 
80.0 4.0 48.8 6.3 80.7 7.4 1'5.0 
94.0 4.0 48.8 7.2 92.2 8. II 16.8 
40.0 3.8 48.8 3.0 39.1 3.6 11.0 
95.0 4.0 48.8 7.6 96.9 8.8 17 .0 
60.0 4.0 48.8 5.2 66.8 6 .1 13.0 
95.0 4.0 48.9 6.9 88.6 8. 1 17.5 
43.0 3.5 49.6 1.9 23.7 2.3 11.0 
94.0 4.0 49.6 4.3 54.7 5.3 17.0 
16.0 3.5 49.7 0.7 8 • 1 0.8 8.0 

73 3 92.7 4.0 57.0 2.4 26.1 3.8 18.0 
41.0 3.5 56.8 0.6 6.3 0.9 11.8 
96.7 4.0 56.7 2.5 27.7 4.0 18.5 
61.7 4.0 56.8 1. 3 . 1'4.7 2. 1 14.0 
95.6 3.5 56.7 2.7 30.3 4.3 18.0 
18.3 2.5 56.8 0.5 6.0 0.9 8.5 
93.9 3.0 56.7 2.8 30.7 4.4 18.0 
20.5 2.5 56.8 0.6 6.2 0.9 13.0 
93.7 3.0 56.7 3.3 37.2 5.3 18.0 
62.6 2.0 56.8 2.2 24.5 3.5 13.5 
97.4 3.5 56.9 3.6 39.1 5.7 17 .0 
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Table B-2--Continued. Pressure measurements and ra \'1 data from. 

CATII VESSELil PA PV D V N VF P 
----------------------------------------------------------------

75 60.9 3.5 101 .6 2.8 17.0 14.0 7.0 
116.9 4.0 101 .7 8.0 49.3 40.8 9.5 
41.5 3.5 101 .4 1.7 10.4 8.6 5.0 
115.7 4.0 100.0 8.9 55. 11 43.4 9.5 
100.2 4.0 101 .3 6.7 41.4 33.8 9.5 
114.9 4.0 101 .6 8.7 53.7 44.2 9.5 
18. 1 3.5 101 .6 0.5 3.0 2.4 4.5 
112.0 4.0 101 .4 9.0 55.4 45.4 9.0 
82.2 3.5 101 .3 5. 1 31.2 25.6 8.0 
116 • 1 4.0 101 .4 7.5 46.2 39.8 9.5 
62.6 3.5 101 .4 3.1 19.4 16.0 6.5 
118.5 4.0 101 .5 9.3 57.4 47.0 9.5 
41.6 3.5 101 .5 1.7 10.2 8.4 6.5 
19. 1 3.5 101 .7 0.4 2.8 2.8 5.5 

75 2 133.1 4.0 145.0 3.2 13.6 32.6 17 .0 
63.1 3.5 145.0 1.6 6.9 16.6 10.0 
134.3 4.0 145.6 3.9 16.6 40.4 17 .5 
81.2 3.5 145.6 2.9 12.6 30.4 12.5 
130.6 4.0 145.7 6 • 1 26.2 64.0 16.0 
65.0 3.5 145.7 1 .6 6.9 16.8 10.5 
129.8 4.0 145.7 4.2 18.0 43.8 15.5 
64.0 3.5 145.7 1.5 6.3 15.4 9.5 
129.8 4.0 145.6 3.3 14.0 34.0 15.5 
45.6 3.5 145.7 1.0 4. 1 10.0 7.5 
121 • 1 4.0 145.7 4.0 17.0 41 .4 15.5 
22.3 3.5 145.2 0.5 2.2 5.2 4.8 

75 4 139.6 4.0 161 .7 16.9 65.5 217.5 8.2 
79.5 3.5 159.5 16.9 66.2 210.9 4.5 
127.1 4.0 161 .5 24.2 93.5 309.0 8.5 
61.1 3.5 161 .5 14.6 56.3 186.2 4.0 
130.2 4.0 162.2 29.2 112.6 377.8 7.8 
41.9 3.5 162.0 19. 1 74.0 246.0 4.0 
130.1 4.0 163. 1 2.4.9 95.5 326.8 7.8 

76 76.0 3.5 131 .3 9.6 45.6 80.8 12.0 
20.0 3.0 133.4 2. 1 10.0 18.6 7.5 
79.9 3.5 128.9 6.5 31.4 53.0 12.0 
42.0 3.0 128.2 3.3 16.3 27.0 9.0 
77.4 3.5 128.3 6.0 29.2 48.5 11.5 
63.0 3.0 128.2 4.8 23.6 39.0 10.5 
81.6 3.5 128.2 6.0 29.5 48.7 12.0 
44.2 3.0 128.2 3.0 14.8 .24.4 9.5 
81 .1 3.5 128.3 5.8 28.3 46.9 12.5 
23.4 3.0 128.2 1.4 6.8 11.8 7.0 
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Table B-2--Continued. Pressure measurements and raH data from 

CAT il VESSEL/I PA PV D V N VF P 
----------------------------------------------------------------

79 2 118.0 3.5 86.1 9.3 67.0 33.6 7.8 
58.0 3.0 86.1 7.0 50.5 25.3 6.0 
118.0 4.0 85.9 9.2 67 • 1 33.4 8.5 
40.0 4.0 86.1 6.1 44.5 22.0 5.2 
114.0 4.5 86.3 8.S 63.9 32.2 8.5 
SO.O 4.0 86.0 8.4 60.8 30.4 6.5 
113.0 6.0 86.2 7.5 54.5 27.5 9.5 
33.0 4.5 86.2 4.9 36.5 18.0 3.5 
115.0 4.5 86.2 7.5 54.4 27.4 8.5 
98.0 4.5 86.0 8.6 62.6 31.3 6.5 
116.0 4.5 86.1 7.9 57.2 28.7 8.5 

80 4 100.7 5.5 80.3 3.4 26.9 10.9 15.0 
61.5 5.5 80.1 3.2 25.3 10.2 12.5 
98.8 5.5 80.1 4.2 32.7 13 .2 15.0 
61.3 5.5 80.0 3.2 25.4 10.2 13.5 
97.4 5.5 80.1 4. 1 31.8 12.8 15.5 
41.3 5.5 80.0 2.6 20.3 8.2 11.2 
100.4 5.5 80.1 4.6 36.1 14. 1 16.5 
80.7 5.5 80.2 3.3 25.7 10.4 15.0 
100.2 5.5 80.1 3.8 30.0 12. 1 17 .5 
23.0 5.5 80.2 1.6 12.3 5.0 11.0 
gO.O 5.5 80.2 3.9 30.7 12.4 14.8 
22.3 5.5 80.2 1.2 9.6 3.9 9.5 
98.3 5.5 80.1 4.1 32.3 13.0 14.0 

-----------------------------------------------------------------
PA CONTROL 
AVE 107 • 1 5.0 84.6 6.0 44.4 38.5 12.8 
DEV 15.6 1.6 38.5 5.4 23.9 77.7 4.9 
N 14 14 14 14 14 14 14 

PA 80 
AVE 80.1 4.9 91.2 4.9 37.1 29.2 10.3 
DEV 1.0 1 .6 47.7 5.7 28.1 60.3 4.4 
N 12 12 12 12 12 12 12 

PA 60 
AVE 61.0 4.3 87.2 3.S 26.1 25.0 9.8 
DEV 1.6 1.6 38.4 3.7 16 • 1 49.7 4.2 
~J 13 13 13 13 13 13 13 
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Table B-2--Continued. Pressure measurements and raH data fron 

CAT# VESSELl; PA PV D V N VF P 
----------------------------------------------------------------
PA 40 
AVE 41.4 4.6 84.5 3.4 22.0 25.0 8.3 
DEV 2.5 1.6 38.4 4.8 19.5 64.1 3.2 
U 14 14 14 14 14 14 14 

PA 20 
AVE 22.4 4.4 83.9 1.3 9.6 5.6 7.3 
DEV 4.5 1.7 33.2 1.4 9.9 6.6 2.5 
N 11 11 11 11 11 11 11 
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Table B-3. Pressure measurements and raH data frorJ 3rd order 
venules. 

CAT If VESSELff PA PV D V N VF P 
----------------------------------------------------------------

58 3 112.0 8.0 31.1 0.06 1.3 0.030 21.0 
78.0 7.5 31.2 0.07 1.5 0.037 16.0 
108.0 7.5 31.2 0.04 0.9 0.022 20.0 
60.0 7.0 30.4 0.03 0.7 0.015 13.5 
112.0 7.5 30.5 0.08 1.7 0.038 19.0 
40.0 7.0 30.5 0.00 0.0 0.000 13.5 

66 2 119.0 5.5 28.6 1.5 32.2 0.59 11.5 
81.0 5.5 28.6 1.0 23.0 0.42 8.5 
122.0 6.0 28.7 1.7 37.0 0.68 12.0 
61.0 5.5 28.6 0.7 14.8 0.27 8.0 
50.0 6.0 28.6 0.7 15.4 0.28 7.5 
118.0 6.5 28.7 1.4 30.7 0.57 11.5 
46.0 6.0 28.6 0.4 7.9 0.15 7.8 

66 5 61.0 4.5 49.9 1.4 17.6 1. 72 5.5 
120.0 5.0 49.9 2.3 28.4 2.78 6.5 
44.0 4.5 50.0 1.3 16 • 1 1. 55 4.8 
119.0 5 . .0 50.0 2.7 34.0 3.32 . 7.0 
82.0 5.0 49.9 2.2 27.0 2.64 6.0 
120 5.0 50.0 2.9 36.0 3.60 6.5 

73 98.0 4.0 35.5 0.10 1.8 0.064 8.0 
60.0 3.5 35.5 0.05 0.85 0.030 7.0 
98.5 4.0 35.5 0.14 2.4 0.085 8.5 
42.7 3.5 35.5 0.04 0.78 0.027 6.5 
98.0 4.0 35.5 0.14 2.5 0.088 9.5 
80.0 3.5 35.5 0.09 1.6 0.054 7.8 
98.0 3.5 35.5 O. 11 2.0 0.071 9.0 
60.7 3.5 35.5 0.09 1.6 0.058 7.8 
98.7 3.9 35.5 0.20 3.5 0.123 9.0 

73 4 83.2 2.5 32.6 0.74 14. 1 0.38 16·.5 
60.2 2.0 32.6 0.35 6.8 0.18 13.5 
86.6 2.0 32.6 0.89 17 • 1 0.46 15.5 
40.4 2.0 32.7 0.30 5.8 o. 16 10.5 
87.6 2.2 32.7 0.77 14.8 0.40 16.0 

73 5 84.0 1.5 38.3 0.28 4.5 0.18 15.5 
41 .0 1.5 38.3 0.20 3.3 0.14 10.5 
90.0 1.5 38.2 0.37 6.0 0.26 15.0 
58.0 1.5 38.3 0.27 4.4 o. 19 12.5 
83.0 2.0 38.3 0.45 7 .21 0.32 15.5 
12.0 1.5 38.3 0.00 0.0 0.00 6.5 
84.0 2.0 38.3 0.51 8. 21 0.36 16.0 
13.0 1.5 38.3 0.05 0.8 0.02 6.0 
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Table B-3--Continued. Pressure measurements and raH data from 
3rd order venules. 

CATII VESSEL II PA PV D V H VF P 

----------------------------------------------------------------
74 137.8 3.5 37.1 0.19 3.2 0.13 14.0 

84.2 3.0 37.0 O.OS 1 .4 0.06 10.5 
140.1 3.5 37.0 0.20 3.4 0.13 13.5 
63.6 2.8 37.0 0.06 1 • 1 0.04 9.0 

'75 6 119.5 4.0 44.5 0.45 6.3 0.44 11.0 
81.8 3.5 45.3 0.30 4.2 0.31 8.0 
135.8 4.0 45.2 0.49 6.8 0.49 10.5 
86.1 3.5 45.0 0.37 5. 1 0.37 7.0 
131 .4 4.0 45.1 0.47 6.5 0.47 11.0 
62.4 3.5 45.0 0.40 5.6 0.40 6.5 
131 .9 4.0 45.1 0. 116 6.4 0.46 10.5 
43.0 3.5 45.1 0.35 4.8 0.35 6.2 
133.5 4.0 45.5 0.30 4.2 o .36 11.5 
24.1 3.5 45.7 0.20 2.S 0.19 4.5 

79 104.0 5.0 48.2 6.6 85.6 7.5 23.0 
80.0 4.5 4S.1 3.6 46.6 4. 1 18.0 
106.0 5.·0 48.2 6.8 88.0 7.7 19.5 
60.0 4.5 48.3 3.5 45.2 4.0 11.8 
107.0 5.0 48.2 6.0 77.6 6.8 20.0 
38.0 4.5 48.2 1.6 21.4 1.9 8.0 

80 3 96.1 5.0 48.8 0.20 2.6 0.24 16.0 
58.9 5.0 48.9 0.05 0.6 0.06 13.0 
103.2 5.5 4S.9 0.27 3.5 0.32 15.0 
88.4 5.5 49.7 0.25 3. 1 0.30 14.5 
77.0 5.5 49.8 0.06 0.8 0.08 13.8 
98.0 5.5 49.7 0.14 1.8 0.18 15.8 
100 5.5 49.7 o. 11 1.4 0.14 17 .5 
40.0 5.5 49.7 0.10 1 .2 0.12 11.5 

80 5 96.5 5.5 56.2 0.40 4.4 0.61 11.0 
'63.5 5.5 56.2 0.32 3.6 0.50 10.5 
97 .2 5.5 56.2 0.40 4.4 0.62 12.0 
82.4 5.5 56.2 0.37 4. 1 0.57 11.0 
99. 1 5.5 56.2 0.38 4.2 0.58 12.0 
39.5 5.5 56.2 0.36 4.0 0.57 9.8 
94.0 5.5 56.2 0.35 3.9 0.54 12.2 
16.0 5.5 56.2 0.21 2.3 0.32 8.5 
88.0 5.5 56.2 0.30 3. 11 0.47 12.0 
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Table B-3--Continued. Pressure measurements and raH data from 
3rd order venules. 

CATti VESSELl} PA PV D V N VF P 
----------------------------------------------------------------

81 5 106.5 4.0 57.4 1.5 15.9 2.4 12.0 
63.3 4.0 57.5 0.52 5.7 0.8 10.5 
104.5 4.0 57.0 1.2 13 .6 2.0 11 .5 
83.9 4.0 57.6 0.64 7.0 1.0 11.0 
106.9 4.0 58.1 1.0 10.6 1.6 11.5 
42.5 4.0 58.0 0.20 2.2 0.3 9.0 

-----------------------------------------------------------------
PA CONTROL 
AVE 107.7 4.5 42.4 1.19 17.2 1.27 13.6 
DEV 16.7 1.6 9.9 1.80 24.5 2.12 4.2 
N 12 12 12 12 12 12 12 

PA 80 
AVE 81.8 4.8 43.9 0.85 11.9 0.94 11.0 
DEV 2.0 1.3 10.9 1. 21 16. 1 1.42 3.9 
U 10 10 10 10 10 10 10 

PA 60 
AVE 61.0 4. ~ 1 42.4 0.64 8.9 0.68 10. 1 
DEV 1.8 1.6 9.9 ·0 ~ 98 12.6 1.15 2.8 
N 12 12 12 12 12 12 12 

PA 40 
AVE 41.7 4.3 43.0 0.46 6.5 0.48 8.9 
DEV 2.7 1.7 10.4 0.54 6.9 0.64 2.6 
~r 11 11 11 11 11 11 11 

PA 20 
AVE 17.5 3.5 47.5 0.13 1.8 0.17 6.4 
DEV 6.0 2.0 7.5 0.10 1.3 o. 16 2.0 
II 3 4 3 3 3 3 4 
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Table B-4. Pressure measureL1ents and raH data from 4th order 
venules. 

CATIF VESSELtI PA PV D V ~r VF p 

----------------------------------------------------------------
58 4 112.0 7.5 23.0 0.22 6 • 1 0.058 20.0 

·80.0 7.0 23.0 0.10 2.7 0.025 15.5 
107.0 7.5 22.0 0.31 8.9 0.073 19.0 
61.8 7.0 21.9 0.00 0.0 .0.000 13.5 

60 4 84.0 6.0 28.0 0.16 3.5 0.061 20.0 
61.9 5'.5 28.1 0.12 2.8 0.049 19.0 
88.1 5.5 28.1 0.20 4.4 0.077 23.0 
80.6 5.5 28.1 o. 11 2.5 0.044 22.0 
93.8 5.5 28.1 0.14 3. 1 0.054 22.0 
61.1 5.5 28.1 0.05 1.2 0.020 20.0 

80 103.4 6.5 38.6 0.31 5.0 0.224 14.5 
41.4 6.5 38.6 0.14 2.3 0.105 13.5 
99.0 6.5 38.7 0.56 . 9.0 0.416 14.5 
59.6 6.5 38.7 0.22 3.5 0.159 13.5 
95.7 6.5 38.6 0.39 6.3 0.284 14.5 
78.4 6.5 38.6 0.25 4.1 0.186 14.2 
92.1 6.5 38.7 0.25 4.0 0.183 15.5 
43.0 6.5 38.7 0.13 2. 1 0.095 15.5 
95.0 6.5 38.7 0.23 3.8 0.171 15.8 
99.6 6.5 38.7 0.44 7.1 0.325 14.5 
22.9 6.5 38.8 0.00 0.0 0.000 11.0 

80 2 95.8 6.0 16 • 1 0.22 8.7 0.029 17 • n 
56.4 6.0 15.7 0.05 2. 1 0.006 15.8 
84.3 5.5 15.7 0.10 4. 1 0.012 15.0 
58.3 5.5 16.2 0.16 6 • 1 0.020 15.5 
95.3 5.5 16.2 0.15 5 •. 8 0.020 15.5 
77.5 5.5 16.2 0.06 2.4 0.008 14.5 

81 122.5 4.0 26.0 0.07 1.8 0.025 31.5 
60.6 4.0 23.7 0.03 0.9 0.008 20.0 
124.5 4.0 23.5 0.06 1.7 0.018 31.5 
88.4 4.0 23.6 0.02 0.7 0.007 22.0 
123.5 4.0 23.6 0.06 1.6 0.017 31.0 
39.9 4.0 23.5 0.02 0.7 0.007 17 • 0 
120.7 4.0 23.6 0.08 2.0 0.020 31.0 
101 .2 4.0 23.6 0.05 1.3 0.013 28.5 
121 .9 4.0 23.6 0.06 1.6 0.017 32.5 
60.6 4.0 23.6 0.03 0.8 0.008 24.5 
119.8 4.0 23.6 0.05 1.3 0.013 32.0 
35.0 4.0 23.6 0.05 1.2 0.012 19.0 
121 .8 4.0 23.6 0.06 1.5 0.016 31 .0 
42.0 4.0 23.6 0.00 0.0 0.000 20.0 
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Table B-4--Continued. Pressure measurements and ra VI data from 
4th order venules. 

CATII VESSEL# PA PV D V N VF P 

----------------------------------------------------------------
82 116.6 5.0 24.8 0.78 19.6 0.236 12.2 

80.2 5.0 24.8 0.32 8.1 0.097 10.0 
115.6 5.0 25.0 0.42 10.4 0.127 12.0 
60.9 5.0 25.0 0.19 4.7 0.058 11.0 
109.5 5.0 24.9 0.36 9. 1 O. 111 12.0 
40.8 5.0 24.9 0.21 5.2 0.063 10.8 
111. 8 5.0 24.9 0.25 6.3 0.076 10.0 
81.2 5.0 24.9 0.16 3.9 0.047 9.0 

82 4 79.5 4.0 27.2 0.28 6.5 0.103 26.0 
17.0 4.0 27.2 0.07 1 .6 0.026 15.0 
85.7 4.0 27.2 0.34 7.8 0.123 28.5 
38.6 3.5 27.2 0.18 4. 1 0.064 22.5 
82.4 4.0 27.2 0.34 7.7 0.122 30.5 
62.6 3.5 27.2 0.26 6.0 0.096 26.5 
92.2 3.5 27.2 0.46 10.6 0.168 30.5 
14.3 3.5 27.2 0.06 1.5 0.024 18.0 
92.1 4.0 27.2 0.50 11.6 0.184 33.0 
60.4 4.0 27.2 0.32 7.4. 0.117 25.0 
84.1 4.0 27.2 0.41 9.5 0.150 28.0 
44.0 3.5 27.2 0.21 4.8 0.076 21 .5 
81.9 3.5 27.2 0.36 8.2 0.129 30.0 
21.3 3.0 27.2 0.10 2.2 0.035 18.0 

82 5 91.8 4.5 21.2 0.24 7 . 1 0.053 14.5 
63.5 4.5 21.2 0.20 5.9 0.0114 13.0 
86.1 4.5 21.2 0.26 7.7 0.057 14.5 
16.6 4.5 21.2 0.00 0.0 0.000 10.5 

86 2 122.1 4.5 25.6 1. 99 48.5 0.642 22.0 
79.1 4.5 25.6 1.28 31.1 0.413 17.5 
120.2 4.5 25.8 2.39 57.8 0.780 21 .5 
86.0 4.5 25.9 -1 -1 -1 19.0 
62.4 4.5 25.9 0.88 21.3 0.290 13.5 
120.7 4.5 25.9 1. 36 32.9 0.451 22.0 
96.0 4.5 25.9 0.62 14.9 0.205 17 .0 

86 3 122.0 4.0 18.5 0.09 3.2 0.016 20.0 
101 .0 4.0 18.5 -1 -1 -1 17 .0 
80.0 4.0 18.5 0.04 1.2 0.006 15.0 

86 4 118.0 4.0 24.11 0.08 2.1 0.024 16.0 
120.0 4.0 24.4 0.10 2.4 0.028 16.0 
98.0 4.0 24.4 0.05 1 .4 0.016 15.0 
82.5 4.0 24.4 0.03 0.9 0.010 13.0 
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Table B-4--Continued. Pressure measurer.:tents and rat-! data frOEl 
4th order venules. 

CAT1i VESSEL# PA PV D V N VF P 
----------------------------------------------------------------
PA COnTROL 
AVE 105.4 5.0 24.6 0.38 9.5 0.130 19.7 
DEV 15.0 1.2 5.9 0.52 12.6 0.180 6.2 
N 11 11 11 11 11 11 11 

PA 100 
AVE 99.0 4. 1 23.1 0.24 5.9 0.078 19.4 
DEV 2 •. 5 0.2 3.2 0.33 7.8 0.110 6.2 
H 4 4 4 3 3 3 4 

PA 80 
AVE BO.8 5. 1 24.8 0.24 5.7 0.086 15.9 
DEV 3.2 1.1 6.3 0.40 9.7 0.136 4. 1 
II 9 9 9 9 9 9 9 

PA 60 
AVE 61·.0 5. 1 25.3 0.22 5.4 0.079 16.3 
DEV 1.8 1 .2 6.2 0.26 6.3 0.094 4.9 
U 9 9 9 9 9 9 9 

PA 40 
AVE 40.8 4.B 28.6 0.14 3. 1 0.060 16.5 
DEV 1.4 1.3 6.8 0.08 2. 1 0.039 4.9 
N 4 4 4 4 4 4 4 

PA 20 
AVE 19.0 4.B 29.1 0.03 0.6 0.009 12.8 
DEV 3.4 1.5 8.9 0.05 1.0 0.016 3.6 
N 3 3 3 3 3 3 3 
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Table B-5. Pressure measurements and raVl d2.ta from 31"d order 
arterioles. 

CATII VESSELl'; PA PV D V N VF P 

-----------------------------------------------~----------------
58 6 107.8 7.5 12.8 3.4 166.2 0.27 56.0 

104.4 8.0 12.9 3.4 167.4 0.28 54.0 
77.0 7.5 12.0 2.6 136.5 0.19 46.0 
105.8 7.5 11.9 1.8 97.1 0.13 43.0 
60.4 7.5 11.3 1.4 79.6 0.09 36.0 
109.0 7.0 9.2 0.8 67.7 0.04 53.0 
60.0 7.0 9.8 0.4 29.7 0.02 37.0 
108.0 7.5 10.8 1.4 79.0 0.08 51 .0 
80.0 7.5 10.0 1.0 60.0 0.05 41.0 
107.0 7.5 8.5 1.4 131 .8 0.06 47.0 
59.0 7.5 14.7 0.3 11.5 0.03 29.0 
105.0 7.5 11.4 1.0 56.3 0.06 46.0 
58.0 7.5 9.2 0.6 51.9 0.03 34.0 
104.0 7.5 10.2 1.8 112.7 0.09 51 .0 
40.0 7.0 11. 0 0.6 31.8 0.03 27.0 

60 1 ' 100.0 7.0 23.2 3.5 95.6 0.94 60.0 
80.8 7.0 25.7 1.7 42.1 0.56 45.0 
103.5 7.0 11. 9 1.8 63.1 0.28 58.0 

'61.2 7.0 18.5 0.3 10.8 0.05 31.0 

60 6 88.0 6.0 28.4 0.81 17.8 0.32 76.0 
61.0 5.5 26.9 0.32 7.4 o. 11 52.0 
90.3 6.0 31.4 0.59 11.7 0.28 80.0 
42.0 5.2 28.6 0.00 0.0 0.00 32.0 
88.0 6.0 30.8 0.70 14.2 0.32 77.0 
22.0 5.0 26.2 0.00 0.00 0.00 20.0 
90.0 6.0 30.5 0.76 15.6 0.35 80.0 
80.0 6.0 29.6 0.59 12.5 0.25 70.0 

62 5 106.5 4.5 34.0 4.9 90.5 2.8 88.0 
80.2 4.5 33.5 4.3 79.5 2.3 65.0 
104.4 4.5 36.9 5.0 84.1 3.3 87.0 
59.9 4.5 42.7 2.3 33.8 2.0 46.0 
103.7 4.5 47.3 4.3 57.0 4.7 88.0 
105.5 4.5 48.9 2.8 35.8 3.3 90.0 
39.6 4.5 L12.7 1.1 15.8 1.0 30.0 
108.3 4.5 48.6 1.8 23.7 2. 1 90.0 
23.4 4.5 46.2 0.8 10.3 0.8 19.0 
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Table B-5--Continued. Pressure measurements and ra~.,r data from 
3rd order arterioles. 

CATtl VESSEL if PA PV D V N VF P 
----------------------------------------------------------------

62 6 102.3 5.0 17.3 4.2 152.4 0.6 82.0 
81.0 5.0 18.3 3.2 107.7 0.5 64.0 
103.4 5.0 19.0 4.7 154.6 0.8 82.0 
59.4 5.0 21.4 1.4 41.2 0.3 45.0 
93.3 5.0 22.9 14.8 1104.8 3.8 82.0 
60.4 5.0 23.9 6.0 157.2 1.7 48.0 
103.7 5.0 25.0 9.3 233.0 2.9 87.0 
40.8 4.5 27.5 2.4 55.1 0.9 32.0 
102.1 5.0 26.7 7.6 1 '(7.7 2.6 82.0 
29.6 5.0 25.9 1.6 39.2 0.5 20.0 

64 2 109.0 5.5 35.3 3.0 52.6 1.8 77.0 
79.0 5.5 36.2 2.1 37.1 1.4 56.0 
105.0 5.5 36.4 3.2 55.2 2. 1 76.0 
60.0 5.0 34.1 1.8 33.8 1.0 45.0 

66 4 124.0 5.0 20.8 1.5 44.2 0.31, 62.0 
62.0 4.5 19.6 0.6 20.8 0.12 37.0 
62.0 4.5 14 '. 1 1.3 56'.2 0.12 27.0 
122.0 5.0 19.2 3.2 105.6 0.59 66.0 
80.0 5.0 21.3 2.0 58.4 0.44 39.0 
122.0 5.0 21.7 3.0 87.4 0.70 60.0 
46.0 4.5 25.3 1.0 25.3 0.32 23.0 
124.0 5.0 25.4 3.7 91.8 1. 19 59.0 
112.0 5.0 20.6 3.3 101 .3 0.70 51 .0 
44.0 4.5 19.5 0.4 13.0 0.08 21 .0 
112.0 5.0 18.0 2.2 77.4 0.36 57.0 
70.0 4.5 19.5 1.0 31.8 0.18 32.0 
118.0 5.0 18.4 2.4 82.2 0.40 50.0 
82.0 4.5 16.9 1 .6 59.2 0.22 38.0 
114.0 5.0 16.2 2.6 100.1 0.34 51 .0 
44.0 4.5 19.8 0.6 20.7 0.13 22.0 

----~------------------------------------------------------------
PA CONTROL 
AVE 104.2 5.8 26.0 3.3 90.2 1.27 70.3 
DEV 8.8 1.1 10.8 2.3 65.9 1. 16 14.8 
N 7 7 7 7 7 7 7 

PA 80 
AVE 79.5 5.7 24.8 2.1 58.2 0.76 54.2 
DEV 1.3 1 .2 9. 1 1.2 32.1 0.80 12.9 
N 7 7 7 7 7 7 7 
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Table B-5--Continued. Pressure measurements and ra VI data frOI:l 
3rd order arterioles. 

CATtl VESSELl! PA PV D V N VF P 
----------------------------------------------------------------
PA 60 
AVE 60.5 5.6 24.7 1 .4 38.1 0.60 40.9 
DEV 1.0 1.2 10.8 1.2 30.2 0.74 8.4 
u 7 7 7 7 7 7 7 

PA 40 
AVE 41.4 5. 1 26.3 0.95 24.5 0.42 28.6 
DEV 2.0 1 • 1 11.5 0.90 20.5 0.49 4.2 
N 5 5 5 5 5 5 5 

PA 20 
AVE 25.0 4.8 32.8 0.79 16.5 0.43 19.7 
DEV 4.0 0.3 11.6 0.80 20.3 0.40 0.6 
rJ 3 3 3 3 3 ~ 3 ...I 
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Table B-6. Pre s sur' e ill e a sur e men t san d r a \'1 data from 2nd order 
arterioles. 

CATtl VESSELtft PA PV D V N VF P 
----------------------------------------------------------------

56 2 80.0 12.0 61.2 27.9 284.8 51.5 57.0 
143.0 13.5 65.8 39.8 377.7 84.3 107.0 
60.0 12.8 63.0 14. 1 139.6 27.4 39.0 
141 .0 14.0 66.2 35.6 335.7 76.7 105.0 
56.0 13 .0 62.1 14.6 147.2 27.8 37.0 

59 2 103.0 8.0 30.1 1.2 24.5 0.52 57.0 
76.6 6.0 30.8 0.8 17 .0 0.39 43.0 
111 .4 8.0 30.9 1.3 25.8 0.60 76.0 
78.0 6.0 30.8 0.8 15.7 0.36 52.0 
112.0 8.0 30.9 0.6 13.0 0.31 77.0 
54.9 6.0 30.9 0.3 5.2 0.12 40.0 
102.3 6.5 31.0 0.7 13.7 0.32 70.0 
38.5 6.0 29.5 0.0 0.00 0.00 26.0 

60 3 93.3 6.0 40.9 5.6 86.3 4.6 78.0 
6'1 .1 6.0 40.9 3.7 56.9 3. 1 51.0 
96.1 5.0 48.0 4.4 57.1 5.0 77.0 
61.1 5.0 44.6 2.7 38.0 2.6 46.0 
94.8 5.5 48.7 4.3 55.8 5.0 80.0 
41.9 4.0 46.8 2.0 27.0 2.2 28.0 .. 94.0 6.0 52.9 4.2 49.5 5.7 82.0 
31.8 5.5 46.4 1.7 23.4 1.8 20.0 
94.0 5.5 45.7 4.3 59.0 4.4 80.0 
78.7 5.0 41.1 4.5 68.7 3.8 66.0 
94.5 6.5 50.8 4.7 58.4 6 • 1 84.0 
60.3 5.5 51.2 3.0 36.5 3.9 46.0 

60 5 84.6 5.5 33.2 5.3 99.2 2.8 80. o. 
60.6 5.5 32.2 5. 1 99.2 2.6 51.0 
90.3 5.5 39.4 4.9 78.0 3.8 80.0 
40.8 5.0 34.4 3. 1 56.0 1.8 40.0 
90.5 5.5 33.1 7.8 147.7 4.2 71.0 
42.7 5.5 31 .4 4.4 86.6 2. 1 36.0 

62 113.9 7.5 69.5 23.3 209.3 55.2 101. 0 
81.6 7.5 69.1 13.9 126 • 1 32.7 74.0 
114.3 8.0 69.1 19.0 172.2 44.6 96.0 
62.6 7.5 68.0 11.4 104.4 25.7 56.0 
112.2 7.5 65.2 26.0 249.3 54.2 1'10.0 
60.9 7.5 57.5 12.0 130.3 19.5 6 1.0 
108. 1 8.0 65.1 15.2 146.0 31.5 1)0.0 
40.9 8.0 64.6 7.0 68.0 14.4 .0.0 
111 .4 6.0 60.5 15.8 163.5 28.5 96.0 
23.7 6.0 60.5 4.2 43.0 7.5 25.5 
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Table B-6--Continued. Pressure measurements and raH data from 
2nd order arterioles. 

CATtf VESSELIf PA PV D V N VF P 
----------------------------------------------------------------

62 1 cant. 113.2 6.0 63.6 10.6 104.4 2Q.1 99.0 
61.7 5.5 63.2 7.3 72.2 14.4 54.0 
112.3 5.0 64.8 14. 1 136.2 29.0 92.0 
80.4 5.0 64.2 9.6 94.0 19.6 72.0 
111 .2 5.0 64.3 14.0 136.6 28.6 100.0 
40.5 5.0 64.4 5.7 55.4 11.0 36.0 

62 4 96.2 8.0 53.5 3.9 45.9 5.5 93.0 
79.7 7.8 52.9 3.6 42.7 5.0 78.0 
97.2 8.0 53.0 3.6 42.4 5.0 94.0 
59.5 7.5 53.7 1 .8 20.6 2.5 66.0 
99.9 8.0 60.0 4.2 43.3 7.3 94.0 
41.2 7.5 59.1 2.9 31.1 5.0 44.0 
105.1 8.0 44.5 10.0 141 .0 9.6 93.0 
60.5 7.5 38.8 6.3 102.0 4.7 51.0 
105.3 5.0 46.3 8.5 115.2 9.0 94.0 
42.0 4.5 48.6 4.1 52.8 4.8 34.0 
105.9 5.0 56.1 7.2 80.0 11. 1 94.0 
24.0 5.0 49.8 2.3 28.9 2.8 19.0 
104 .. 7 4.5 47.2 5.7 75.4 6.2 89.0 
27.5 5.0 45.0 1.9 26.4 1.9 21.0 
106.3 4.5 59.9 2.5 26.3 4.4 92.0 
27.0 4.5 58.7 2.0 21.1 3.4 19.0 

64 94.0 5.5 67.4 17.5 162.1 38.9 65.0 
78.0 6.5 62.5 16.6 165.5 31.7 56.0 
101 .0 5.5 65.9 16.0 152.0 34.2 71 .0 
79.0 6.0 62.5 12.6 125.8 ?:, ' - ,'. , .. '-
96.0 5.5 68.1 13.5 124.0 30.6 66 . _, 
60.0 6.0 62.4 8.1 81.1 15.6 LIO .0 
93.0 5.5 68.3 11.3 103.2 25.7 65.0 
40.0 5.5 64.4 5.2 50.0 10.5 27.0 
84.0 5.0 70.8 13.9 122.4 34.2 58.0 
36.0 4.8 68.4 5.0 45.8 11.5 26.0 

65 108.0 5.0 75.0 13.2 109.9 36.5 97.0 
80.0 4.5 75.0 6.2 51.4 17.0 74.0 
128.0 3.0 74.8 13.3 111. 1 36.5 106.0 
80.0 3.0 71.5 6.5 57.0 16.4 66.0 
116.0 3.0 71.3 9. 1 80.1 22.8 98.0 
60.0 3.0 71.1 6.8 59. LI 16.8 50.0 
104.0 3.0 62.4 11.9 118.9 22.8 86.0 
40.0 3.0 56.2 7.2 80.6 11.2 34.0 
112.0 3.0 60.2 10.6 110.4 18.9 96.0 
32.0 3.0 52.8 4.8 56.8 6.6 40.0 
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Table B-6--Continued. Pressure measurements and ra VI data frora 
2nd order arterioles. 

CATIF VESSEL If PA PV D V N VF P 
----------------------------------------------------------------

66 125.0 6.0 74.7 39.1 327.1 107 • 1 59.0 
88.0 6.0 75.1 30.1 250.4 83.3 39.0 
124.0 6.0 75.0 35.6 296.7 98. II 59.0 
80.0 6.0 75.0 26.4 219.7 73.0 32.0 
122.0 6.0 75.1 39.9 332.4 110.7 56.0 
61.0 5.5 75.2 19.3 160.2 53.6 24.0 
125.0 6.0 75.1 48.0 399.5 132.9 49.0 
50.0 6.0 75.1 9.7 81.0 27.0 18.0 
120.0 6.0 75.2 44.1 366.2 122.3 52.0 
81.0 5.5 75.1 26.4 220.0 73.2 32.0 

-----------------------------------------------------------------
PA CONTROL 
AVE 108.5 . 6.7 56.6 15.6 151 .7 34.3 82.3 
DEV 16.7 2.9 15.8 14.5 120.3 39.1 17 .2 
H 9 9 9 9 9 9 9 

PA 80 
llVE 79.8 6.6 57.9 12. 1 119.0 26.0 60.2 
DEV 1.7 2.5 16.7 11.0 97.2 27. 7 14.5 
N 8 8 8 8 8 8 8 

PA 60 
AVE 59.7 6.5 54.3 8.0 84.0 15.9 !~ 5.2 
DEV 2. 1 2.7 16.2 5.9 48.5 17 .0 10.7 
N 9 9 9 9 9 9 9 

PA 40 
AVE 41.3 5.3 52.7 4.6 50.2 8.5 31.3 
DEV 4.0 1.2 15.8 3.0 26.1 8.7 7.8 
u 8 8 8 8 8 8 8 

PA 20 
AVE 27.2 5.4 52.7 2.7 30.6 4.0 21.7 
DEV 4.2 0.7 7.2 1.3 10.8 3. 1 3.3 
H 3 3 3 3 3 3 3 



APPENDIX C 

ERROR ANALYSIS OF NORMALIZED VELOCITY 

Vdual slit 
U = ----------

Diam (Corr) 

~U ~u au 
dU :: [ dV + dD + dC ] 

av aD i}c 

V V 
/:) U = [ 6V - 6D - AC ] 

D C D2C DC 2 

V = 500 }.lm/sec D = 55 }lm C = 1.6 . 

AV = ±50 }.lm/sec D = ±2 }.lm C = ±0.6 

(±50) 500 (±2) 500 (±O .6) 
oU = [ -------- - --------- - ---------- ] 

55 ( 1. 6) (55)2 1.6 55 (1.6)2 

Choose all ± signs to maximize error 

t.U = 0.57 + 0.21 + 2.13 = 2.91 sec- 1 

Haximum error of .2.....9.1. sec.=.1 or 5.11 

The error is due primarily to the uncertainty in the 

correction factor of 1.6. For example, if {)C is ±0.3, then the 

maximum error is 1.85 or 33%. The uncertainty in the correction 

factor is the result of the fact that the velocity profile in 

small venules may be blunted, thus the correction factor in the 

venules may approach 1.0. Since we are comparing our normalized 

velocity measurements with that ,of Lipowsky, who used a similar 

correction factor, the error due to the correction factor may be 

eliminated. 
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APPENDIX D 

MULTIPLE COMPARISONS AMONG SLOPES USING THE 
NEWMAN-KEULS MULTIPLE RANGE TEST 

1) Relationship between microvascular pressure and arterial 

pressure for fourth order venules. 

Rank of sample slopes: 

2 3 4 5 6 7 8 9 10 11 

0.017 0.021 0.029 0.055 0.076 0.087 0.119 0.126 0.128 0.15 0.18 

(resSS)1 + (resSS)2 
SE [ ------------------- / 2 ] [-~---- + ------

(resDF)1 + (resDF)2 (SSx) 1 (SSx)2 

b1 - b2 
-q = -------

SE 

Comparison SE ..9. .Q 00.05.59.p Conclusion 

11-1 0.016 10.0 11 4.7 Reject: b11=b1 
11-2 0.028 5.7 10 4.6 Reject: b11=b2 
11-3 0.014 10.9 9 4.55 Reject: b11=b3 
11-4 0.019 6.6 8 4.4 Reject: b11=b4 
11-5 0.034 3.0 7 4.3 Accept: b11=b5 
10-1 0.017 7.9 10 4.6 Reject: b10=b1 
10-2 0.030 4.2 9 4.55 Accept: b10=b2 
9-1 0.020 5.5 9 4.55 Reject: b9=b1 
8-1 0.018 6.0 8 4.4 Reject: b8=b1 
7-1 0.027 3.8 7 4.3 Accept: b7=b1 

Groups of data: 

2 3 4 5 6 7 8 9 10 1 1 

--------------------------------------------------
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There is overlapping sets of similarities, therefore, 

it can not be determined whether there are 2 or 3 populations. 

Repeating the analysis with a larger number of data would tend 

to yield more acceptable conclusions. 

Assuming that there are 3 populations: 1-3, 4-6, and 7-

11, the least squares equa t.ions through these three populations 

would be y = 13 + 0.06x, y = 13.8 + 0.04x, and y = 15.4 + 0.094x 

respectively. Therefore, the pressures in these populations, 

when extrapolated to that which would be obtained when arterial 

pressure was equal to venous pressure, was significantly higher 

than the systemic venous pressure. 

2) Relationship between microvacular pressure and vessel blood 

flow for fourth order venules. 

Rank of samplE slopes: 

2 3 4 5 6 7 8 9 10 

0.004 0.017 0.024 0.029 0.038 0.041 0.061 0.11 0.13 0.157 

Comparison 

10-1 
10-2 
10-3 
10-4 
10-5 
10-6 
10-7 
10-8 
9-1 
9-2 
8-1 
7-1 
6-1 

0.015 
0.024 
0.019 
0.014 
0.019 
0.025 
0.018 
0.020 
0.028 
0.044 
0.013 
0.011 
0.015 

10.2 
5.8 
7.0 
9. 1 
6.3 
4.6 
5.3 
2.4 
5.7 
2.6 
8.2 
5.2 
2.5 

10 
9 
8 
7 
6 
5 
4 
3 
9 
8 
8 
7 
6 

gO.05.58.p 

4.65 
4.6 
4.4 
4.3 
4.2 
4.0 
3.7 
3.4 
4.6 
4.4 
4.4 
4.3 
4.2 

Conclusion 

Reject: b10=b1 
Reject: b10=b2 
Reject: b10=b3 
Reject: b10=b4 
Reject: b10=b5 
Reject: b10=b6 
Reject: b10=b7 
Accept: b10=b8 
Reject: b9=b1 
Accept: b9=b2 
Reject: b8=b1 
Reject: b7=b1 
Accept: b6=b1 
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Groups of data: 

2 3 4 5 6 7 8 9 10 

Assuming that there are three population: 1, 2-7, and 

8-10, the least squares equations through these three 

populations would be y = 15.3 + O.004x, y = 12.2 + O.037x, and y 

= 14.5 + 0.139x respectively. Therefore, the pressures in these 

populations, when extrapolated to that which would be obtained 

when blood flow was zero, was significantly higher than the 

systemic venous pressure. 
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