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ABSTRACT 

Skeletal muscle reactive hyperemia has been extensively studied 

in gross flow preparations. These studies have indicated that metabolic 

mechanisms play a major role in the genesis of reactive hyperemia. Some 

studies have also suggested the involvement of myogenic mechanisms. 

However, there are certain limitations to the amount of information that 

can be gained from gross flow studies alone. For instance, gross flow 

responses may not accurately reflect the flow responses in individual 

capillaries. The present study was designed to quantitate reactive 

hyperemia responses in individual capillaries of red and white muscle. 

To accomplish this, a new microcirculatory preparation was developed 

using the red anterior and white posterior latissimus dorsi muscles of 

the chicken. Capillary red cell velocities were measured using the dual-

slit photometric technique. Reactive hyperemia was studied in these two 

muscles under identical experimental conditions in response to simulta

neous arterial-venous occlusions of 3-1/2 to 180 seconds in duration. 

The control capillary red cell velocity was 70% greater in the red 

muscle than in the white. Significant reactive hyperemia was found 

following occlusions as short as 3-1/2 seconds in length. With increas

ing occlusion lengths, the peak reactive hyperemia velocity, hyperemia 

duration, and excess flow were found to increase in both muscles sug

gesting a metabolic origin for the response. Some evidence for the 

possible involvement of myogenic mechanisms came from the observation 

of an undershoot in the reactive hyperemia pattern following short 
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occlusions in some of the capillaries and the increased occurrence of 

this phenomenon at reduced tissue temperatures. The red muscle showed 

a greater peak flow response at all occlusion lengths and a greater 

excess flow following occlusion lengths of 15 seconds and longer. How

ever, when the responses were expressed as the ratio of peak to control 

velocity and percent flow debt repayment, no significant differences 

were found between the two muscles. Furthermore, the reactive hyperemia 

duration at each occlusion length was found to be the same in both 

muscles. 

Another series of experiments was performed at reduced muscle 

temperature (30°C instead of the normal 40°C). The capillary control 

red cell velocity was 'decreased in both muscles at the lower tissue 

temperature. Both muscles showed a reduction in the peak reactive 

hyperemia velocity, response duration, excess flow, and percent flow 

debt repayment following occlusions of 15 and 60 seconds in length. The 

reduction in excess flow appeared to be principally due to the decrease 

in reactive hyperemia duration. In addition, there were no significant 

differences between the two muscles in response duration and percent 

flow debt repayment. Therefore, decreasing the tissue metabolism by 

reducing the muscle temperature produced comparable effects on the re

active hyperemia responses to ischemia in both muscle types. This 

supported the normal temperature data which showed that ischemia elic

ited quantitatively similar microvascular responses in both the red and 

white muscle when the data were normalized to the differences in control 

velocities. 
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The results of the normal and reduced temperature studies in

dicate that the microvasculatures of red and white muscle at rest are 

controlled by metabolic regulatory mechanisms which produce comparable 

reactive hyperemia responses in the two muscle types following ischemia. 



INTRODUCTION 

Reactive hyperemia is a phenomenon that has been observed in 

many different tissues and organs of the body. It is defined as the 

excess flow (hyperemia) that occurs following a period of partial or 

total blood flow deprivation to a tissue or organ. The precise mecha

nism responsible for reactive hyperemia is unknown. However, there is 

considerable experimental evidence to suggest that the reactive hyper

emia response is linked to the metabolism of the tissue. According to 

this view (metabolic hypothesis), the hyperemia that occurs following a 

period of ischemia is an attempt by the tissues to repay the blood flow 

debt and metabolic debt incurred during the ischemic period. An alter

native hypothesis (myogenic hypothesis) to explain the genesis of reac

tive hyperemia is that the vascular smooth muscle of the flow regulating 

resistance vessels intrinsically respond to changes in intravascular 

pressure. Indeed, both metabolic and myogenic mechanisms may be in

volved in reactive hyperemia with the relative expression of these two 

mechanisms dependent upon the particular tissue and the conditions of 

ischemia. 

In the following review of previous investigations on reactive 

hyperemia, the discussion will center on reactive hyperemia as observed 

in skeletal muscle with some comparisons made to other tissues and 

organs. The effects of duration of ischemia and tissue temperature on 

reactive hyperemia will be emphasized. The various proposed mechanisms 

will be discussed with special consideration given to metabolic 
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mechanisms. A separate discussion on red and white muscle metabolism 

and blood flow characteristics is also included. 

History 

Early descriptions of the phenomenon of reactive hyperemia are 

found in the writings of Cohnheim, 1872 (cited by Roy and Brown, 1880), 

Mosso, 1874 (cited by Roy and Brown, 1880), and Lister, 1878 (cited by 

Lewis and Grant, 1925). At that time, reactive hyperemia was observed 

as a bright red flush of the skin following the removal of an obstruc

tion to blood flow such as a tourniquet. Cohnheim, 1872 (cited by Roy 

and Brown, 1880), also demonstrated reactive hyperemia in the frog 

tongue and Mosso, 1874 (cited by Roy and Brown, 1880), further showed 

reactive hyperemia to be present in the kidney and liver. At the time 

of these early descriptions, reactive hyperemia was thought to be due to 

a vaso-motor paralysis that occurred during the period of blood flow 

obstruction. However, the work of Roy and Brown (1880) showed that re

active hyperemia was independent of any nervous control mechanisms. 

They studied reactive hyperemia in the frog web, tongue, and mesentery 

by observing the blood flow within the microcirculation. Blood flow was 

occluded by raising extravascular pressure with a tissue compression 

technique. They found reactive hyperemia to be very intense after oc

clusion durations of 5 or 10 minutes. During the period of hyperemia 

they reported that the arterioles dilated more than two-fold and that 

capillaries and veins also showed some dilation. By performing occlu

sions of shorter duration they concluded that the intensity of reactive 

hyperemia increases with longer periods of ischemia. Sectioning the 
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sciatic nerve did not attenuate the hyperemic response. Therefore, they 

concluded that "there is a local mechanism independent of the centers 

in the medulla and spinal cord by which the degree of dilation of the 

vessels varied in accordance with the requirements of the tissues" (p. 

348). They further stated that the vessel tone is determined "either by 

some stimulus acting directly on the walls of the vessels, or indirectly 

on these through the medium of nutritive changes of the tissue elements" 

(p. 347). Roy and Brown were the first to state the possible relation

ship between tissue metabolism and blood flow. Further refinement of 

this idea has led to the "metabolic hypothesis" of local blood flow 

regulation in which the mechanism of reactive hyperemia and other local 

regulatory phenomenon are believed to be linked to the metabolism of 

the tissue. 

In 1902, Bayliss performed three series of experiments which led 

him to propose an alternative mechanism to explain local blood flow 

regulation. The first series of experiments involved the measurement of 

blood flow in the denervated hindlimb or kidney in response to a sudden 

rise in arterial pressure. The rise in arterial pressure was produced 

either by stimulation of the peripheral ends of the splanchnic nerves, 

stimulation of the central end of a pressor sensory nerve, or by 

asphyxiating the animal. An indirect estimate of blood flow changes was 

made by measuring limb or kidney volume. A sudden rise in arterial 

pressure was found to produce a sudden rise in volume. However, when 

the arterial pressure rise had quickly subsided, there was a decrease 

and undershoot in the limb volume before returning to control. This was 

interpreted to mean that vasoconstriction had occurred in response to 
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the pressure rise. In the second series of experiments, a sudden pres

sure drop produced ay aortic compression and lasting no more than 10 to 

20 seconds caused an initial decrease in limb or intestinal volume fol

lowed by a substantial reactive hyperemia when the compression was 

released. Bayliss did not believe that there could be appreciable 

asphyxia at the arterial wall during such a short deprivation of blood 

flow and therefore concluded that the vasodilation must be related to 

the fall in arterial wall tension which occurred during the period of 

decreased arterial pressure. Bayliss became convinced of the myogenic 

nature of these responses when he studied the responses of excised dog 

carotid arteries to increases and decreases in internal pressure. He 

cites one experiment in which the artery, after an initial swelling, 

constricted in response to an elevation of internal pressure. When 

the pressure was reduced, the vessel underwent a considerable relaxation 

before returning to its control volume. This was offered as "proof" of 

the myogenic nature of vascular responses to either a rise or fall in 

pressure. However, the tracing of this experiment could not be repro

duced because it was "spoilt in varnishing" (Bayliss, 1902, p. 230). 

Anrep (1912) disagreed with the conclusions drawn by Bayliss. 

On repeating the experiments of Bayliss, Anrep was able to duplicate 

the vascular responses observed by Bayliss only when the adrenals were 

intact. When the adrenals were removed, he found no constrictor re

sponse to a sudden rise in arterial pressure. Anrep concluded that the 

observed vascular responses to increased intra-arterial pressure were 

not due to a myogenic response to alterations in arterial wall tension 
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but rather due to an increased secretion of adrenalin which occurred 

under the conditions of Bayliss' experiments. 

Anrep further attempted to demonstrate that a fall in intra

arterial pressure was not a necessary stimulus for reactive hyperemia by 

simultaneously occluding the brachial artery and vein to the dog fore-

limb. During the period of occlusion the limb volume remained un

changed. Mien the occlusion was released reactive hyperemia was still 

present. It was concluded that the dilation of blood vessels in re

sponse to a lowering of arterial pressure was due to the direct action 

of asphyxial products on the blood vessel wall. However, as pointed out 

by Lewis and Grant (1925), a constant limb volume during this type of 

experiment does not mean that the intra-arterial pressure remained con

stant. Therefore, reactive hyperemia following a simultaneous arterial-

venous occlusion cannot be used as conclusive evidence against a 

myogenic contribution to the response. Anrep also repeated Bayliss1 

experiments using excised arteries. However, he was unable to detect 

any active response to alterations in intra-arterial pressure as re

ported by Bayliss. 

Our understanding of reactive hyperemia was greatly enhanced by 

classic work of Lewis and Grant (1925). They used three different 

methods to study reactive hyperemia in the human forearm. The first 

method was simply a visual observation of changes in skin color. They 

also measured blood flow indirectly by observing volume changes in the 

forearm. The third method involved the use of a plethysmograph with a 

venous occluding cuff to measure the inflow of blood into the arm. With 

these techniques they observed the effects of occlusion length, 



temperature, and venous occlusion on the magnitude of reactive hyper

emia. By increasing the occlusion length from one-half to 15 minutes, 

they found an increase in reactive hyperemia peak flow and excess flow. 

Furthermore, they found the reactive hyperemia response to last approxi

mately one-half to three-fourths the length of the occlusion duration. 

The time from the occlusion release to peak limb volume also increased 

with increasing occlusion duration. Significant reactive hyperemia was 

found with occlusion lengths as short as 5 seconds. In one study, the 

peak to control inflow ratio increased from 1.13 following a 10 second 

occlusion, to 3.75 after 1 minute, to 10.0 following a 10 minute occlu

sion. Increasing the temperature of the forearm from 14 to 42°C caused 

an increase in reactive hyperemia peak flow and excess flow as well as 

elevating the control flow. The time-to-peak was decreased at higher 

temperatures. However, temperature changes had no effect on the dura

tion of reactive hyperemia. Hyperemia was present following venous 

occlusion and was found to increase in magnitude with increasing occlu

sion duration and temperature. 

The effects of occlusion duration, temperature, and venous oc

clusion on reactive hyperemia led Lewis and Grant to conclude that re

active hyperemia is due to active vasodilation which is dependent solely 

upon the blood flow debt and independent of the fall or rise in intra

vascular pressure. They strongly believed that Bayliss1 myogenic 

hypothesis did not play a role in their experiments. They argued that 

the fall in intravascular pressure should be the same whether the occlu

sion was 1 or 10 minutes in duration. According to the myogenic 

hypothesis the magnitude of reactive hyperemia should be the same once 
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the intravascular pressure drop has reached its minimum value. Further

more, the myogenic hypothesis could not explain the reactive hyperemia 

observed following venous occlusion and the effect of temperature and 

occlusion duration on the magnitude of reactive hyperemia following 

venous occlusion. 

Other experiments in the 1925 study of Lewis and Grant refuted 

the conclusion of Bier, 1897 (cited by Lewis and Grant, 1925), that 

stagnating venous blood caused the vessels to contract during the occlu

sion period and that the reactive hyperemia following occlusion release 

was due to the incoming arterial blood. Lewis and Grant presented evi

dence suggesting that the vessels lose their tone during the occlusion 

period. Krogh (1922) had also shown that venous blood was vasodilator 

and that vasodilation occurred during the period of occlusion. 

Lewis and Grant suggested that the substance or substances re

sponsible for reactive hyperemia does not easily diffuse out into the 

vessels from the tissue where they are produced. They found support for 

this idea from the observation that the arteries are still dilated al

though being perfused with arterial blood during reactive hyperemia of 

long duration. They also entertained the possibility that the "sub

stance is even non-diffusible and that it is conveyed to the lymphatics 

or destroyed in situ" (p. 115). 

Montgomery, Moore, and McGuinness (1934) studied reactive hyper

emia in the hindlimb of the anesthetized and unanesthetized dog. They 

undertook their study in order to clear up a disagreement in the 

literature regarding the duration of reactive hyperemia as it relates to 

the length of occlusion. As previously discussed, Lewis and Grant 
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(1925) found that reactive hyperemia in the human forearm lasted one-

half to three-fourths as long as the period of occlusion. On the other 

hand, Goldblatt, 1926 (cited by Montgomery et al., 1934) observed that 

reactive hyperemia increased in duration and intensity up to and includ

ing occlusion lengths of 2 to 3 minutes. Following the longer periods of 

occlusion the tendency was for the reaction to decrease. In support of 

Lewis and Grant, Montgomery et al. (1934) found that the intensity and 

duration of reactive hyperemia was approximately proportional to the oc

clusion length following occlusions ranging from 15 seconds to 10 min

utes in duration. The results for anesthetized and unanesthetized 

animals were similar. 

Abramson, Katzenstein, and Ferris (1941) studied the effects of 

occlusion duration and temperature on reactive hyperemia in the human 

hand, forearm, and leg. Following occlusion lengths of 3 to 12 minutes 

the peak reactive hyperemia flow, excess flow, and response duration 

were found to increase as reported by Lewis and Grant (1925) and 

Montgomery et al. (1934). However, the reactive hyperemia duration was 

generally only 30 to 40% of the occlusion length. 

Effect of Occlusion Duration on Different 
Reactive Hyperemia Parameters 

The early studies on reactive hyperemia from the time of Roy and 

Brown (1880) until Abramson et al. (1941) characterized reactive hyper

emia with respect to the magnitude of response (peak flow), the duration 

of hyperemia, total excess flow, and flow debt repayment. As already 

discussed, several of these early investigations related the duration of 

the occlusion to the observed hyperemic response. More recent work has 
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further characterized reactive hyperemia not only qualitatively but also 

quantitatively with respect to the effect of occlusion duration on the 

different reactive hyperemia parameters. 

Duration of Reactive Hyperemia 

The early investigations by Lewis and Grant (1925), Montgomery 

et al. (1934), and Abramson et al. (1941) demonstrated that the duration 

of the reactive hyperemia response increased as the period of occlusion 

increased from 15 seconds to 20 minutes. More recent work on the human 

forearm by Patterson and Whelan (1955) and Kontos and Patterson (1964) 

confirm these earlier observations. Folkow (1949) found in the cat 

hindlimb that occlusions of only 2 seconds in duration elicited reactive 

hyperemia and that the hyperemia duration increased as the occlusion 

length was increased to 60 seconds. 

The work by Yonce (1962) stands in sharp contrast to what was 

generally observed in other investigations. Yonce found that increasing 

the length of occlusion in the isolated dog gracilis muscle from 30 to 

120 seconds increased the reactive hyperemia peak flow and excess flow. 

However, the reactive hyperemia duration remained unchanged. The dura

tion of reactive hyperemia appeared to be inversely related to the con

trol flow rather than to the occlusion duration. When the control flow 

was decreased by decreasing the muscle temperature the duration of the 

reactive hyperemia increased. 

Konradi and Levtov (1970) provided a thorough analysis of reac

tive hyperemia in the cat hindlimb. Occlusions of 3 seconds to 16 

minutes were performed and the resulting reactive hyperemia quantitated. 
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Significant hyperemia was found following 3 second occlusions, however 

the magnitude and duration of the response remained unchanged up to 

occlusions of 30 seconds in length. Occlusions of 1 to 16 minutes in 

length were followed by reactive hyperemia of increasing duration. 

Peak Flow and Excess Flow 

Since the classic work of Lewis and Grant (1925) it has gener

ally been observed that the peak flow and excess flow of reactive hyper

emia increases as the length of the preceding occlusion increases. 

Folkow (1949) examined reactive hyperemia in the cat hindlimb 

following occlusions of 2 to 60 seconds in duration. Although he did 

not quantitate the reactive hyperemia responses, the data showed that 

the peak flow and excess flow both increased as the occlusion length 

increased. Recent work by Kontos, Mauck, and Patterson (1965), Yonce 

(1962), and Moore and Baker (1971) has shown in the dog hindlimb and 

gracilis muscle that the peak flow and excess flow increases as a func

tion of occlusion duration with occlusions up to 2 minutes in length. 

Plethysmographic studies on the human forearm (Wood, Litter, and 

Wilkins, 1955; Abramson, Tuck, and Bell, 1960; Kontos and Patterson, 

1964) show that the total excess flow increases as the occlusion dura

tion increases from 1 to 15 minutes. Patterson and Whelan (1955) ob

served that the increase in excess flow following occlusions of 3 to 15 

minutes in length is mainly due to an increase in reactive hyperemia 

duration since the peak flow values in their study increased only 

slightly following the longer occlusions. Eichna and Wilkins (1941) 
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also have shown that the peak hyperemia flow increases very little with 

occlusions greater than 5 minutes. 

Konradi and Levtov (1970) studied reactive hyperemia in the cat 

hindlimb and showed that the peak flow and excess flow does not increase 

when the occlusion duration is increased from 3 to 30 seconds. Follow

ing occlusion lengths of 30 seconds to 2 minutes both the peak flow and 

excess flow increased as a function of the occlusion duration. However, 

there was no significant increase in peak flow and excess flow following 

occlusions of 2 to 16 minutes in duration. According to Tominaga, 

Watanabe, and Nakamura (1973), the peak flow in the dog hindlimb in

creases with increasing occlusion lengths from 6 seconds to 2 minutes. 

Occlusion durations of 2 to 10 minutes produced no further increase in 

peak flow. On the other hand, the study by McArdle and Verel (1956) on 

the human forearm showed that a linear relationship exists between the 

occlusion duration and excess flow following occlusions of 5 to 40 

minutes in length. 

In summary, the majority of skeletal muscle gross flow studies 

have demonstrated that peak reactive hyperemia flow and excess flow in

crease with increasing occlusion lengths. Occlusion lengths of 2 to 5 

minutes are generally adequate to elicit maximal vasodilation as indi

cated by the reactive hyperemia peak flow. Excess flow continues to 

increase after max:imal vasodilation is reached by a prolongation of the 

response. These data have generally been interpreted as providing 

support for the metabolic hypothesis. 
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Percent Flow Debt Repayment 

Percent flow debt repayment is a measure of the ability of a 

tissue to compensate for the blood supply of which it is deprived during 

a period of occlusion. The early investigations of Freeman (1935) and 

Abramson et al. (1941) demonstrated that the percent flow debt repayment 

was independent of occlusion lengths ranging from 2 to 12 minutes. In 

addition, at normal forearm temperatures, Abramson et al. found that the 

flow debt incurred during the occlusion was completely repaid during the 

hyperemic period. These observations suggested to them that the repay

ment of blood following an occlusion was related to the metabolism of 

the tissue. They also concluded that if the repayment and flow debt 

were equivalent then the resting flow was dependent chiefly upon the 

metabolic needs of the tissue. If the resting flow exceeded the meta

bolic requirements of the tissue, then the flow debt would be underpaid. 

Abramson et al. believed that this hypothesis best explained the obser

vation that the flow debt in the hand was always underpaid at normal and 

high environmental temperatures since the resting blood flow would serve 

the dual function of supporting tissue metabolism and heat exchange. 

Wood et al. (1955) studied reactive hyperemia in the human fore

arm and found that the flow debt was completely repaid following occlu

sions of 5 to 15 minutes in length. As earlier demonstrated by Freeman 

(1935) and Abramson et al. (1941), the percent flow debt repayment was 

found to be independent of occlusion length over the range of occlusion 

durations performed. Patterson and Whelan (1955) had similar results in 

their forearm studies and furthermore showed the variability of flow 

debt repayment. Although the mean percent flow debt repayment was about 
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100%, the range was between 50 and 200%. This same high variability 

was observed by Yonce and Hamilton (1959) in the dog gracilis muscle 

following 1 minute occlusions. 

Several investigations have shown that the flow debt may be 

considerably underpaid. Bache and Ederstrom (1965) consistently found 

the percent flow debt repayment in the dog hindlimb to be about 49% 

following 5 or 10 minute occlusions. They believed that low flow per

cent debt repayment was due to a control flow which exceeded the meta

bolic needs of the tissues. This was similar to the proposal made by 

Abramson et al. (1941) to explain the differences found in the percent 

flow debt repayment at different temperatures. This idea gained further 

support by Tominaga, Watanabe, and Nalcamura (1973). They examined the 

relationship between the control flow and percent flow debt repayment 

following 3 minute occlusions in the dog hindlimb and found that the 

percent flow debt repayment was lower when the control flow was high. 

Under some conditions, the presence of collateral flow during the occlu

sion period may account for an underpayment of the calculated flow debt. 

This may explain why Kontos et al. (1965) found significant underpayment 

of the flow debt in the dog hindlimb since they also observed a collat

eral flow of 31% of the total flow. 

The constancy of the percent flow debt repayment with varying 

duration of occlusion has been used as an argument in favor of the 

metabolic origin of reactive hyperemia. However, Konradi and Levtov 

(1970) studied the reactive hyperemia over a wide range of occlusion 

durations in the cat hindlimb and found that the percent flow debt re

payment was not independent of occlusion length. In fact, the percent 
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flow debt repayment ranged from a high of 729% following 3 second oc

clusions to a low of 20% following 16 minute occlusions. In other 

words, the shorter the occlusion duration, the greater the percent flow 

debt repayment. Following occlusions of 30 seconds to 4 minutes in 

length, the flow debt was repaid within 17%. The percent flow debt re

payment decreased with increasing occlusion lengths up to 30 seconds 

because the excess flow did not change. They believed that this was in

consistent with the metabolic hypothesis. This led them to suggest that 

a myogenic mechanism was dominant with occlusions of less than 30 

seconds in duration and that this was the reason for the large overpay

ment of the flow debt. It was presumed that if myogenic mechanisms were 

dominant, then excess flow would remain unchanged following occlusions 

of sufficient length to produce a maximal intravascular pressure drop. 

Since there was a more equitable repayment of the flow and an increase 

in excess flow following occlusions of 30 seconds or more, they believed 

that metabolic mechanisms were dominant following the longer occlusion 

lengths. 

Under certain conditions the excess flow of reactive hyperemia 

has been found to bear no relationship to the flow debt. This has led 

some investigators to question the validity of using percent flow debt 

repayment as a parameter for quantitating reactive hyperemia. Dornhorst 

and Whelan (1953) found that by reducing the inflow rate during reactive 

hyperemia in the human forearm they could reduce the total excess flow. 

Restricting the inflow caused a substantial underpayment of the flow 

debt. They concluded that excess flow is not quantitatively related to 

the flow debt and that the removal or destruction (oxidation) of a 
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postulated metabolite is independent of flow rate. Blair, Glover, and 

Roddie (1959) supported the conclusion of Dornhorst and Whelan. By re

stricting the arterial inflow to the control flow level following an 

occlusion, they were able to show that it was not necessary to have an 

increase in blood flow to "repay" a blood flow debt. It was also noted 

that arterial inflow restriction increased the length of the response. 

Therefore, they concluded that the function of the high flows during re

active hyperemia is to shorten the response duration and return the 

tissue to its resting state as quickly as possible. 

Ballard, Fielding, and Hyman (1964) suggested a mechanism by 

which the flow debt could be repaid without an excess flow following an 

occlusion. By measuring blood flow and the clearance of radioactive 

iodide in the cat hindlimb, they demonstrated an increase in iodide 

clearance from the tissues while the post-occlusion blood flow was kept 

at control level by a perfusion pump. This suggested that a redistri

bution occurred from shunt to nutritive channels so that a repayment of 

the flow debt was achieved without an augmentation of total flow. 

In summary, studies on skeletal muscle have shown that percent 

flow debt repayment may be independent of occlusion lengths from 30 

seconds to 12 minutes. Occlusions shorter than 30 seconds have been 

observed to be followed by large overpayment of the flow debt. Since 

the calculated flow debt may be in excess of the true metabolic debt at 

high resting blood flows, the calculated percent flow debt repayment may 

not accurately reflect the ability of a tissue to compensate for a 

period of blood flow deprivation. Furthermore, percent flow debt repay

ment may be a poor quantitative index of reactive hyperemia under 
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certain conditions such as restricted arterial inflow or shunting of 

blood from non-nutritive to nutritive pathways within the tissue. 

Effects of Temperature on Reactive Hyperemia 

It has generally been observed in human plethysmograph studies 

that control blood flow, reactive hyperemia peak flow, and reactive 

hyperemia excess flow all decrease in response to a reduction of tissue 

temperature from its normal value (Lewis and Grant, 1925; Freeman, 

1935; Abramson et al., 1941; Eichna and Wilkins, 1941; Catchpole and 

Jepson, 1955; Coles and Cooper, 1959). Freeman (1935) demonstrated that 

the reduction in control blood flow and reactive hyperemia excess flow 

in response to a decrease in tissue temperature is related to the reduc

tion in tissue metabolism associated with the lower temperatures. 

Yonce (1962) showed that reducing the tissue temperature of the 

isolated dog gracilis muscle caused a decrease in control flow, reactive 

hyperemia peak flow, and reactive hyperemia excess flow. He also demon

strated that the change in control blood flow was dependent upon the 

rate of temperature change. A very rapid reduction in temperature 

caused an increased in control flow whereas a slow temperature reduction 

decreased the control blood flow. 

Bache and Ederstrom (1965) reduced the core temperature of dogs 

6 to 10°C and found a decrease in reactive hyperemia excess flow in the 

hindlimb. 

There is less agreement in the literature concerning the effects 

of temperature on the duration of reactive hyperemia. Lewis and Grant 

(1925) found no appreciable difference in reactive hyperemia duration 
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when the plethysmograph temperature was varied between 14 and 42°C. 

However, the limb volume technique employed for the blood flow measure

ment did not allow for a very precise determination of reactive hyper

emia duration. Patterson and Whelan (1955) also found reactive duration 

to be unaffected by temperature changes. But in their study, the 

plethysmograph temperature was changed only a few degrees so that the 

actual muscle temperature may not have changed significantly. 

Freeman (1935), Coles and Cooper (1959), and Bache and Ederstrom 

(1965) observed a direct relationship between tissue temperature and 

reactive hyperemia duration. The lower the temperature, the shorter the 

reactive hyperemia response. 

Although Yonce (1962) observed a direct relationship between 

temperature and control blood flow, peak flow, and excess flow, he 

found that the duration of the reactive hyperemia response increased at 

the lower temperatures. He concluded that the duration of reactive 

hyperemia is more closely related to control flow than to temperature. 

The several investigations cited above show that the control 

flow, and excess flow generally decrease in response to a reduction in 

tissue temperature. However, it is the relative change of these two 

parameters that determine the change in percent flow debt repayment in 

response to temperature alteration. For this reason, different inves

tigations have found varying effects of temperature on flow debt repay

ment. Freeman (1935) found in the sympathectomized human hand that the 

flow debt repayment following 10 minute occlusions was independent of 

temperature within the range of 23 to 34°C. Abramson et al. (1941) 

observed that the percent flow debt repayment in the forearm was the 
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same at very low temperatures and at normal temperature. However, at 

very high piethysinograph temperatures, the percent flow debt repayment 

decreased principally because of a 5-fold increase in control flow over 

that found at normal temperature. 

Patterson and Whelan (1955) found that the percent flow debt 

repayment decreased when the forearm plethysmograph temperature was 

raised from 35 to 43°C. Indirect heating of the subjects by submersion 

of the legs in hot water also decreased forearm flow debt repayment. 

These changes in percent flow debt repyament, under two different ex

perimental conditions, were due entirely to a 3 to 4-fold increase in 

control flow since excess flow did not change. Since this was a forearm 

study, the increase in control flow may have reflected an increase in 

skin blood flow and not muscle. 

In contrast to Freeman (1935) and Abramson et al. (1941), Coles 

and Cooper (1959) observed a decrease in percent flow debt repayment in 

the human forearm when the plethysmograph temperature was lowered from 

34 to 12°C. The decrease in percent flow debt repayment was due entire

ly to a decrease in excess flow. 

Bache and Ederstrom (1965) found that as the temperature of the 

dog hindlimb was lowered from 40 to 32°C the percent flow debt repayment 

decreased. The percent flow debt repayment decreased from 801 at 40° 

to less than 20% at 32°C. 

Mechanisms of Reactive Hyperemia 

Many different mechanisms have been proposed to be involved in 

the genesis of reactive hyperemia. At this time, these mechanisms will 
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be discussed as they relate principally to reactive hyperemia observed 

in skeletal muscle. For convenience, the various mechanisms will be 

categorized according to the following groups: 1) humoral, 2) metabol

ic, 3) myogenic, and 4) tissue pressure mechanisms. 

Humoral Mechanism 

Krogh (1922) proposed that a "substance x," found in the blood, 

was responsible for vascular tone. The substance x was able to diffuse 

through the capillary wall and be rapidly destroyed (oxidized) by the 

surrounding tissue. He believed this substance could be involved in the 

mechanism of reactive hyperemia since during the period of occlusion the 

substance would rapidly disappear causing diminished vascular tone. He 

further suggested that the substance was a pituitary hormone since 

pituitary extracts were known to have pressor characteristics in the 

systemic circulation. Lewis and Grant (1925) disproved this hypothesis 

by demonstrating that reactive hyperemia was still present in the skin 

although an excess of pituitary extract injected into the skin was 

present throughout the period of occlusion and reactive hyperemia. 

Krogh (1929) later agreed with the conclusion drawn by Lewis and Grant 

that the lack of a pituitary hormone could not be responsible for the 

reactive hyperemia seen following an occlusion. 

Mechanisms Related to Tissue Metabolism 

Histamine. Lewis and Grant (1925) concluded from their studies 

on the human forearm that normal products of tissue metabolism accumu

lated in the tissues during the period of blood flow obstruction. The 
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accumulation of these vasodilator substances were thought to be respon

sible for the dilation of the vessels that occurred during the period of 

ischemia. Lewis (1927) proposed that a single substance was responsible 

for local vascular control. He introduced the term "H-substance" for 

this unidentified vasodilator substance and furthermore suggested that 

it was, in fact, histamine. As a result, much of the work done on re

active hyperemia for the next 20 years was devoted to the testing of 

this hypothesis. 

The study by Goldschmidt and McGlone (1934) provided indirect 

evidence against the involvement of histamine in reactive hyperemia. 

When the human forearm was placed in an oxygen rich atmosphere it failed 

to exhibit reactive hyperemia. However, an oxygen rich environment had 

no effect on the reaction of skin to an intradermal injection of hista

mine. They inferred that some mechanism other than histamine accumula

tion must be responsible for the reactive hyperemia observed in the 

forearm skin. 

On the other hand, Barsoum and Gaddum (1935) presented evidence 

in favor of the histamine hypothesis. Occlusions in the dog hindlimb of 

5 to 20 minutes in duration caused a significant increase in the release 

of histamine into the venous blood--enough to cause vasodilation. They 

suggested that the release of histamine was a secondary consequence of 

the accumulation of acid metabolites. They did not believe that hista

mine accumulation and release was the sole factor involved in reactive 

hyperemia but rather a contributing factor. 

Emmelin, Kahlson, and Wicksell (1941) and Kwiatkowski (1941) 

examined venous histamine levels in the dog's ear and hindlimb, rabbit, 
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and human forearm following occlusions of up to 30 minutes in duration. 

Although they used the Barsoum-Gaddum technique to assay for histamine, 

they found no evidence for an increase in histamine release from ichemic 

tissues. 

Some investigations have tested the histamine hypothesis by 

using anti-histamines. Folkow, Haeger, and Kahlson (1948) found that 

the anti-histamine benadryl had no effect on the reactive hyperemia 

response following a 2 minute occlusion when infused intra-arterially 

in the dog hindlimb before and after the occlusion. Duff, Patterson, 

and Whelan (1955) confirmed Folkow's observation that prior treatment 

with anti-histamines had no effect on reactive hyperemia in the human 

forearm following 3 minute occlusions. However, anti-histamines were 

found to significantly reduce reactive hyperemia following occlusions 

of 5 to 25 minutes in length. This data may be in accordance with the 

observation by Freeman (1935) that the excess flow was always much 

greater than the debt following occlusions greater than 12 minutes in 

length. Freeman suggested that pathological conditions may arise during 

very prolonged occlusions resulting in an excessive repayment of the 

flow debt. The observation by Duff et al. (1955) suggests that hista

mine may be involved when prolonged ischemia results in tissue damage. 

Oxygen. As early as 1880, Roy and Brown postulated that a lack 

of oxygen in ischemic tissues may be responsible for the dilation of 

vessels and the reactive hyperemia found subsequent to removal of an 

obstruction to blood flow. This hypothesis received support by Hooker 

(1911, 1912) who studied the effects of oxygen as well as other 
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substances on both perfused vessels and isolated vascular smooth muscle. 

He found that increasing the oxygen tension increased vessel tone and 

conversely, that decreasing oxygen tension produced a fall in vessel or 

smooth muscle tone. 

Krogh (1929) reported that oxygen lack induced hyperemia in the 

rabbit's ear. Oxygen lack was produced by having the animal breathe 

from a small closed circuit respiration apparatus in which the carbon 

dioxide was absorbed. He believed that the response was due either to 

the direct effect of oxygen lack or by some local mechanism associated 

with the lack of oxygen. 

Recent studies have shown that a quantitative relationship 

exists between the theoretical oxygen debt that occurs during the occlu

sion period and the repayment of oxygen during reactive hyperemia. 

Yonce and Hamilton (1959) found a near exact repayment of the theoreti

cal oxygen deficit following 1 minute occlusions in the dog gracilis 

muscle. A similar finding was reported by Fales, Heisey, and Zierler 

(1962) following 10 minute occlusions in the dog gastrocnemius-

plantaris muscle group. A complete repayment of the oxygen debt was 

also observed by Abramson et aL (1960) in the human forearm following 

occlusions of 2-1/2 to 10 minutes in length. In the three studies cited 

above, the theoretical oxygen debt was calculated as the product of the 

resting oxygen consumption and the occlusion duration. Since there is 

evidence to suggest that the tissue oxygen consumption falls during the 

period of occlusion (Cruickshank and Trotter, 1956; Beer and Yonce, 

1972; Whalen, Buerk, and Thuning, 1973) then the above studies show 

that there is actually an overpayment of the true oxygen debt. 
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There is much evidence in the literature to support the hypothe

sis that oxygen plays a role in reactive hyperemia. However, the 

pressing question is: 1) whether the fall in tissue oxygen tension 

(pĈ ) directly affects the vascular smooth muscle causing vasodilation, 

or 2) if the change in pÔ  indirectly affects the vasculature by altera

tion of tissue metabolism in such a way that there is an accumulation of 

vasodilator substances during the occlusion period. 

McNeill (1956), Yonce and Hamilton (1959), Dornhorst (1963), and 

Kontos et al. (1964) examined venous oxygen saturation levels during 

reactive hyperemia and found an initial decrease in venous oxygen satu

ration immediately after release of the occlusion. They believed that 

this reflected a hypoxic condition in the tissue which occurred during 

the occlusion period. The initial decrease in oxygen saturation was 

followed by a considerable rise in venous oxygen saturation at the same 

time the reactive hyperemia was returning to control. However, McNeill 

(1956) showed that 1-1/2 minutes after release of occlusion, oxygen 

consumption had returned to control while venous oxygen saturation was 

maximum and blood flow still elevated. From this observation, he con

cluded that at a time when blood flow is elevated hypoxia cannot be 

present intravascularly and that the tissue is probably not hypoxic. He 

presented this as evidence against oxygen per se being the regulatory 

mechanism in reactive hyperemia. On the other hand, Yonce and Hamilton 

(1959) showed that the changes in venous oxygen saturation closely 

parallel the changes in blood flow. The parallel time courses of venous 

oxygen content and vascular resistance were also demonstrated by 
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Tominaga, Suzuki, and Nakamura (1973) under constant perfusion condi

tions in the dog hindlimb. 

Guyton et al. (1964) summarized their work which suggested that 

oxygen per se directly regulates vascular resistance. Lowering the 

oxygen saturation of the arterial blood perfusing the dog's hindlimb 

from 100 to 30% saturation produced a progressive increase in conduc

tance. There was a conductance increase of 150% from control when the 

arterial oxygen saturation was reduced to 30%. The results were the 

same whether they used deoxygenated arterial blood or arterial blood 

mixed with venous blood to reduce the oxygen saturation. This experi

ment did not prove that oxygen per se was directly responsible for the 

conductance changes since the lowered oxygen saturation may have induced 

changes in the tissue metabolism. 

Another series of experiments using isolated small arteries 

strongly suggested to Guyton and his co-workers that the effects of oxy

gen are independent of changes in tissue metabolism. Small arteries 

were isolated from the dog hindlimb and perfused at normal intravascular 

pressures with blood of differing oxygen saturation. The blood first 

passed through the artery and then around the outside of the vessel. As 

the pC>2 of the perfusing blood decreased the conductance of the artery 

increased. The conductance was observed to increase 150% above control 

when the pÔ  of the blood was lowered from 100 to 30 mmHg. They 

stressed that these changes in conductance occurred within the normal 

tissue pĈ  range. Recent evidence by Duling and Berne (1970) confirm 

that the smooth muscle of small arteries and arterioles is exposed to 

PO2 values within the range that Guyton et al. (1964) is very 
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provocative since it is not necessary for a vasodilator substance to 

be liberated from the extravascular tissues in order for vasodilation 

to occur. However, Pittman and Duling (1973) have presented evidence 

and discussed how oxygen diffusion limitation may explain the responses 

of isolated arteries to oxygen as observed by Guyton et al. (1964). 

The third study described by Guyton et al. (1964) involved the 

role of oxygen in reactive hyperemia. During the occlusion period, the 

blood in the perfusion reservoir was desaturated of oxygen by equilibra

tion with nitrogen. When the occlusion was released, there was an 

immediate increase in blood flow to a level 300% of control. The high 

flow rate was maintained as long as the blood perfusion contained no 

oxygen. When oxygenated blood was perfused through the hindlimb, the 

reactive hyperemia returned to control within a few minutes. Guyton 

et al. presumed that any accumulated vasoactive substances would be 

washed out during the maintained hyperemic response and therefore con

cluded that oxygen is necessary for recovery from reactive hyperemia. 

They believed that "the most probable cause of vasodilation in reactive 

hyperemia is oxygen deficiency per se and not a vasodilator substance 

formed in the tissues either as a result of the lack of oxygen or as a 

result of ischemia" (Guyton et al., 1964, p. 64). 

However, the demonstration by Guyton et al. that oxygen is 

necessary for the recovery phase of reactive hyperemia is not "proof" of 

the uniqueness of oxygen as a regulator of vascular tone. In fact, 

Guyton et al. mention how smooth muscle will lose its ability to con

tract when the pĈ  is below a certain critical value. Therefore, as an 

alternative explanation, metabolic vasodilator substances may have been 
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involved in reducing the vascular tone, but without oxygen during the 

hyperemic phase the smooth muscle may not have been able to constrict 

even though accumulated vasodilator substances may have been washed 

out. Secondly, the restoration of flow and increased blood pÔ  

(McNeill, 1956) that occurs during normal reactive hyperemia may serve 

the function of oxidizing accumulated vasodilators (Dornhorst and 

Whelan, 1953) as well as washing them out. 

During a period of ischemia the tissue pC>2 falls. The rate of 

fall will depend upon the quantity of oxygen stored within the tissue 

by myoglobin and the amount stored within the blood as well as the 

rate by which it is being consumed. Using the data by Farhi and Rahn 

(1955) on muscle myoglobin content and the measurement by Mottram 

(1955) on oxygen consumption in the human forearm, Barcroft (1972) cal

culated that the tissue pÔ  in the human forearm should approach zero 

within 3 minutes after the onset of ischemia. Barcroft maintained that 

if oxygen per se is responsible for the vasodilation of reactive hyper

emia, then maximal dilation and peak reactive hyperemia flow should be 

reached following occlusions of about 3 minutes in duration for it would 

be at that point when oxygen stores would be exhausted. He then cited 

the experiments of Patterson and Whelan (1955) and Lewis and Grant 

(1925) which showed that a vasodilation must have been almost complete 

after 3 minutes of ischemia in the human forearm. The recent work of 

Konradi and Levtov (1970) also showed that maximal vasodilation (peak 

reactive hyperemia flow) is reached following 2 minutes of ischemia. 

Although Barcroft's calculation appears to correspond quite 

nicely with certain reactive hyperemia data, the apparent relationship 
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may be of more coincidence than an exact quantitative correlation. 

The tissue pĈ  measurements by Thuning and Buerk (1972) in muscles of 

both high and low myoglobin content points to the coincident nature of 

Barcroft's calculation. The tissue pÔ  fell during arterial occlusion 

from about 16 mmHg to less than 1 mmHg within 15 seconds in the cat 

gastrocnemius muscle. In the soleus muscle, the tissue p0£ fell to less 

than 1 mmHg within 45 seconds. This is a much more rapid fall than 

calculated by Barcroft. Combining the above data with Barcroft's thesis 

regarding the direct role of oxygen in reactive hyperemia, maximal vaso

dilation should be reached in cat hindlimb muscles following occlusions 

of 15 to 45 seconds in length. Konradi and Levtov (1970) did not find 

this to occur in the cat hindlimb. 

The studies by Detar and Bohr (1968) on the effects of oxygen 

on vasuclar smooth muscle strips supported the observation by Guyton et 

al. (1964) that vascular smooth muscle relaxes in response to diminish

ing oxygen tensions over the physiological range of oxygen tensions. 

However, the recent study by Pittman and Duling (1973) demonstrated 

that the critical pĈ  below which vascular smooth muscle tension dimin

ishes is about 2 mmHg. They presented evidence and discussed how oxygen 

diffusion limitation may best explain the observations of Detar and Bohr 

(1968). Therefore, the study by Pittman and Duling when considered 

together with the observation of Thuning and Buerk (1972) indicate that 

oxygen per se cannot be the mediator of vasodilation during ischemia 

since reactive hyperemia is observed following very short occlusions 

(Lewis and Grant, 1925; Folkow, 1949; Konradi and Levtov, 1970). 
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Microcirculatory studies have shown that changes in tissue pĈ  

affect arteriolar diameter. Duling (1972) demonstrated that changing 

the oxygen content of the fluid suffusing the hamster cheek pouch re

sults in changes in tissue pĈ  and arteriolar diameter. Increasing the 

suffusion solution pĈ  from 11 mmHg to 45 mmllg resulted in a significant 

decrease in arteriolar diameter. Prewitt and Johnson (1974) noted that 

increasing the pÔ  of the solution suffusing the rat cremaster muscle 

resulted in a decrease in arteriolar red cell velocity, arteriolar 

vasoconstriction, and a decrease in the number of flowing capillaries. 

However, these experiments do not differentiate between the direct ef

fects of oxygen and the indirect effects of oxygen through alteration of 

tissue metabolism. 

Duling (1974) attempted to differentiate between the direct and 

indirect effects of oxygen by comparing the effects of suffusion solu

tion pC>2 and microapplication of solutions of different pĈ  on arterio

lar diameter in the hamster cheek pouch. Elevation of suffusion 

solution pĈ  resulted in an increase in perivascular pÔ  and consider

able vasoconstriction. However, similar or even much larger increases 

in perivascular pÔ  with localized microapplication of solutions with 

high pC>2 produced only very slight reductions in arteriolar diameter. 

The results suggested to Duling that the vasoconstriction associated 

with an elevation in suffusion solution pĈ  was not due to the direct 

effect of the oxygen on the vascular smooth muscle but rather due to 

an indirect effect through an alteration in tissue metabolism. 

In summary, there is substantial evidence to suggest that oxygen 

is somehow involved in reactive hyperemia and other local control 
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phenomena. However, it is unclear as to whether oxygen per se is the 

regulating mechanism or if oxygen affects the vasculature indirectly 

through changes in tissue metabolism. 

Carbon Dioxide and Hydrogen Ion Concentration. Carbon dioxide 

is continually being produced by actively metabolizing tissue and 

carried out of the tissue by the venous blood. In addition, the pH of 

venous blood is lower than arterial blood because of the direct rela

tionship between carbon dioxide concentration and hydrogen ion concen

tration as well as the presence of acid by-products of tissue 

metabolism. 

Roy and Brown (1880) proposed that reactive hyperemia is linked 

to the metabolic requirements of the tissues. They suggested that an 

increase in tissue carbon dioxide as well as oxygen lack and other 

"chemical products" of the tissue may be involved in the vasodilation of 

reactive hyperemia. Gaskell (1881) observed that acid solutions caused 

dilation and alkaline solutions constriction of small arteries. He 

believed that the state of tonicity of small arteries was due in part 

to the alkalinity of the tissue fluid surrounding the vessels. Bayliss 

(1901) noted that perfusing the hindlimbs of frogs with either acidic 

solutions (lactic acid) or solutions equilibrated with carbon dioxide 

caused vasodilation. This observation was confirmed by Hooker (1911, 

1912) in studies using both arterial perfusion and vascular smooth 

muscle strips. Krogh (1922) also noted the vasodilator effects of 

carbon dioxide on small blood vessels in the frog tongue and believed 
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that carbon dioxide affected a change in pH which was responsible for 

changing vascular tone. 

Since these earlier studies, many other investigations have 

confirmed that both an increase in carbon dioxide and hydrogen ion con

centration produce vasodilaton (Haddy and Scott, 1968). In view of the 

fact that both of these substances are being produced by the tissue it 

is conceivable that they may act as a regulating mechanism for vascular 

tone. 

Lewis and Grant (1925) recognized the possible involvement of 

carbon dioxide in reactive hyperemia. However, they did not believe 

that carbon dioxide could be the chief mediator of reactive hyperemia 

because of its high diffusibility in tissue (Krogh, 1922). Due to the 

long duration of some reactive hyperemia responses, they believed that 

the substance(s) responsible for the reactive hyperemia does not readily 

diffuse from the tissue into the vessels. 

In recent years, Kontos and his colleagues have presented evi

dence which suggests that the involvement of carbon dioxide in reactive 

hyperemia. Following 2 minute occlusions in the human forearm, Kontos 

and Patterson (1964) found that the venous pCĈ  increased as much as 

15 to 20 mmHg during the reactive hyperemia period and that the time 

course for the change in venous pCĈ  was the same as the blood flow. 

The pH of the venous blood fell by 0.03 units during reactive hyperemia. 

The temporal relationship between venous pCÔ  and blood flow was found 

to be the same following different lengths of ischemia, different tem

peratures, or following ischemic exercise. The greater the magnitude 

of reactive hyperemia, the greater the change in venous pCORaising 
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the pH by sodium bicarbonate infusion had no effect on reactive hyper

emia. The authors concluded that the accumulation of carbon dioxide 

during ischemia is an important factor in the production of reactive 

hyperemia and that the carbon dioxide effect is not mediated through 

changes in pH. 

Kontos et al. (1964) demonstrated that infusion of nicotine 

prior to 60 seconds of ischemia reduced or abolished the subsequent 

reactive hyperemia. The reduction in reactive hyperemia was accompanied 

by a greatly diminished venous pCĈ  change during the hyperemic period. 

Since the vasculature showed the same reactivity to vasodilator drugs 

such as acetylcholine, they proposed that nicotine reduced reactive 

hyperemia by decreasing the tissue production of carbon dioxide. 

Hyperventilation has been shown to reduce reactive hyperemia 

(Kontos et al., 1965). When carbon dioxide was added to the inspired 

air to maintain a normal end-tidal pC02, reactive hyperemia was not 

found to differ from that observed under normal conditions. 

Furthermore, Kontos et al. (1965) found that acetazolamide 

administration (carbonic anhydrase inhibitor) enhanced reactive hyper

emia following 30 seconds of ischemia. The increase in reactive 

hyperemia was accompanied by an increase in venous pC02 levels. 

Tominaga, Suzuki, and Nakamura (1973) studied the temporal 

relationship between reactive hyperemia flow and various "metabolic 

factors." They found that no correlation existed between either venous 

pH changes and vascular resistance or venous pC02 and vascular resis

tance during both exercise hyperemia and reactive hyperemia. Following 

2 minutes of ischemia, the pH never decreased more than 0.04 units and 
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the venous pCC>2 increased by only 4 mmHg at the most. The pH change 

was comparable to that observed by Kontos and Patterson (1964). The 

venous pCĈ  change was much less than the maximal change of 15 to 20 

mmHg observed by Kontos and Patterson (1964). However, the summary by 

Kontos (1971) of human forearm and dog gastrocnemius studies shows an 

increase in venous pCÔ  during reactive hyperemia of only 3 to 6 mmHg. 

Scott et al. (1970) found a decrease in venous blood pH of 0.10 

units following 5 minutes ischemia in the dog gracilis muscle. 

An examination of the literature reveals that following a period 

of ischemia there is a rise in venous blood pCÔ  and a fall in pH. Fur

thermore, it has generally been observed, although not always (Haddy and 

Scott, 1968), that an increase in blood pCÔ  and hydrogen ion concentra

tion produces an increase in vascular conductance. However, it is 

questionable whether the changes in venous pCÔ  and pH observed in 

reactive hyperemia are of sufficient magnitude to produce the changes 

in vascular resistance associated with reactive hyperemia. Decreasing 

the arterial pH by 0.05 units with intra-arterial infusion of lactic 

acid decreases dog gracilis muscle resistance by only 2% (Emerson, 

Parker, and Jelks, 1974). Radawski et al. (1972) found that increasing 

arterial pCĈ  by 10 mmllg and decreasing pH by 0.18 units caused only a 

9% reduction in dog forelimb muscle vascular resistance. Carbon dioxide 

breathing sufficient to raise human forearm venous pCĈ  by 5 mmHg pro

duced a 32% decrease in forearm vascular resistance. If carbon dioxide 

is involved in reactive hyperemia, then its contribution to the overall 

resistance changes is small since vascular resistance may decrease 

several-fold during reactive hyperemia. In fact, Kontos and Patterson 
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(1964) presented data from a "typical experiment" on the human forearm 

which shows venous pCĈ  rising by 10 mmHg at a time when vascular re

sistance is decreased about ten-fold at peak reactive hyperemia. 

Adenosine and Inorganic Phosphate. As the tissue oxygen tension 

falls during ischemia, less oxygen is available for oxidative metabolism 

and oxidative phosphorylation. As a result, tissue levels of ADP, AMP, 

and inorganic phosphate rise. It has been proposed that these sub

stances, or products of these substances, are involved in the local 

regulation of tissue blood flow (Berne, 1964; Hilton and Vrbova, 1970). 

Under hypoxic conditions, the myocardium and skeletal muscle 

have been shown to release increased amounts of inosine and hypoxanthine 

(Berne, 1964). Although these substances are poor vasodilators, their 

precursor, adenosine, is a potent vasodilator (Berne, 1964; Berne et 

al., 1971). 

According to the "adenosine hypothesis," under conditions of 

increased metabolic activity or hypoxia an increase in tissue adenosine 

levels produces vasodilation. Cardiac muscle shows more than a 20-fold 

increase in adenosine levels following 20 minutes of ischemia whereas 

skeletal muscle only shows a 2-fold increase (Berne et al., 1971). Tomi-

naga, Watanabe, Suzuki, and Nakamura (1973) observed a slight increase 

in venous blood adenosine and/or AMP following 3 minutes of ischemia in 

skeletal muscle. Some increase in adenosine has also been shown follow

ing skeletal muscle ischemia using bioassay techniques (Haddy and Scott, 

1971; Tominaga, Suzuki, and Nakamura, 1973). 
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Afonso et al. (1972) tested the effects of the drug aminophyl-

line on coronary vasodilator responses to hypoxia. Although amino-

phylline is known to block the vasodilator effects of adenosine, the 

authors found that this drug had no effect on coronary vasodilation in

duced by hypoxia. This study did not lend support to the adenosine 

hypothesis. However, the study did not invalidate the hypothesis. 

Moir and Downs (1972) found in contrast to Rubio, Berne, and 

Katori (1969) that intracoronary infusions of high concentrations of 

adenosine failed to elicit as great a flow increase as found following 

20 seconds of ischemia. They concluded that it is unlikely that adeno

sine is the sole mediator of myocardial reactive hyperemia. 

In summary, adenosine is known to be a potent vasodilator and 

is probably produced and released by muscle tissues in response to 

hypoxia. However, at this time the evidence is insufficient to support 

the proposition that adenosine plays a role in skeletal muscle reactive 

hyperemia. 

Inorganic phosphate has been shown to be a potent vasodilator 

substance and is found in increased quantity in the venous blood of 

active skeletal muscle (Hilton, Jeffries, and Vrbova, 1970; Hudlicka, 

1971). These workers proposed that inorganic phosphate may play an 

important role in exercise hyperemia. 

However, Tominaga, Suzuki, and Nakamura (1973) found no correla

tion between the venous levels of inorganic phosphate and vascular 

resistance changes during exercise hyperemia. Furthermore, these 

authors found no change in venous blood inorganic phosphate following 

4 minutes of ischemia in skeletal muscle. 
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Other Proposed Metabolic Mechanisms. Kjellmer (1965) found the 

potassium ion concentration to be elevated in the venous blood during 

skeletal muscle exercise. He also found that small increases in potas

sium ion concentration result in vasodilation when infused intra-

arterially. For these reasons, potassium ion has been considered to 

play a role in the genesis of exercise hyperemia. However, it appears 

that potassium ion is not involved in skeletal muscle reactive hyper

emia. The studies by Rudko and Haddy (1965), Haddy and Scott (1971), 

and Tominaga, Suzuki, and Nakamura (1973) demonstrated that there is no 

significant increase in potassium ion concentration in the venous blood 

following ischemia of 2 to 5 minutes in length. 

It has been proposed that increases in tissue osmolarity are at 

least partly responsible for the hyperemia associated with muscular con

traction (Mellander et al., 1967). This is based upon the observation 

that the venous blood of exercising skeletal muscle shows increased 

osmolarity and that infusion of hypertonic solutions produce vasodila

tion. However, if there is any increase in tissue osmolarity during 

ischemia it is not reflected by any changes in venous osmolarity during 

reactive hyperemia (Haddy and Scott, 1971; Tominaga, Suzuki, and 

Nakamura, 1973). 

Metabolites originating from anaerobic metabolism (e.g., lac

tate, pyruvate) and aerobic metabolism (e.g., acetate, citrate, succi

nate) have been suggested to play a role in local blood flow regulation 

(Haddy and Scott, 1968). Many of these substances have vasodilator 

properties (Frohlich, 1965). Olsson and Gregg (1965b) found an in

creased concentration of lactate in the venous blood during myocardial 
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reactive hyperemia following ischemic periods greater than 6 seconds in 

length. However, there have been no studies demonstrating the role of 

these substances in skeletal muscle reactive hyperemia. 

Myogenic Hypothesis 

As previously discussed, Bayliss (1902) proposed that blood 

vessels respond to increases in wall tension by constricting, and con

versely, relax in response to decreases in tension. He did not believe 

that metabolic mechanisms could account for the vascular reactions he 

observed in response to a sudden, short elevation or lowering of intra

vascular pressure in both the in vivo situation or in excised, isolated 

arteries. 

Anrep (1912) challenged Bayliss' hypothesis of the myogenic 

nature of vascular reponses to changes in intravascular pressure. He 

clearly demonstrated that the experimental vascular responses from which 

Bayliss derived his hypothesis were due to humoral factors released by 

the adrenal medulla under the particular experimental conditions. 

Furthermore, he was unable to confirm Bayliss' observations on the ef

fect of intravascular pressure on isolated arteries. 

Lewis and Grant (1925) found that venous occlusions invoked re

active hyperemia of the same magnitude as observed following arterial 

occlusions and that venous occlusion reactive hyperemia responded to 

changes in occlusion length and temperature as did arterial occlusion 

reactive hyperemia. For these reasons, and others, Lewis and Grant 

rejected any involvement of the myogenic mechanism in reactive hyper

emia. 
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In recent years, new evidence has been presented to support 

the myogenic response of blood vessels to changes in wall tension. 

Sparks (1964) and Peiper et al. (1974) have clearly demonstrated that 

isolated vascular smooth muscle develops increased active tension in 

response to a quick stretch. The active tension response is found to 

be dependent upon both the magnitude and the rate of the increase in 

passive tension. 

Based upon previous ureteral and intestinal smooth muscle 

studies, Folkow (1964) proposed a model which couples the electrophys

iological events with the mechanical events in vascular smooth muscle. 

The model consists of different pacemaker sites within the smooth muscle 

and assumes the presence of cell-to-cell propagation of electrical 

activity. According to the model, an increase in passive tension would 

increase the firing frequency of the individual pacemakers causing 

active tension to increase. 

Folkow's model has received support from extra- and intracellu

lar electrophysiological studies on vascular smooth muscle. Vascular 

smooth muscle has pacemaker activity (Funaki and Bohr, 1964; Golenhofen, 

1973) and shows a longitudinal cell-to-cell propagation of electrical 

events (Hermsmeyer, 1973; Bevan and Ljung, 1974). In addition, isolated 

small artery segments show spontaneous rhytlimic activity (Johansson and 

Bohr, 1966). Passive stretch increases the frequency of these sponta

neous contractions. 

Some investigators such as Folkow (1964) and Mellander and 

Arvidsson (1974) believe that the myogenic mechanism significantly con

tributes to the resting vascular tone. However, there is disagreement 
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in the literature regarding the role of the myogenic mechanism in the 

local regulatory phenomenon of reactive hyperemia. 

One way in which the presence of a myogenic meclianism in skele

tal muscle reactive hyperemia lias been tested is to compare the reactive 

hyperemia responses to arterial occlusions and venous occlusions. Ac

cording to the myogenic hypothesis, reactive hyperemia following an 

arterial occlusion occurs because the drop in intravascular pressure 

during the occlusion period causes the vessels to relax. Venous occlu

sions prevent the fall in intravascular pressure thereby not providing 

a stimulus for vasodilation. Polkow (1949) found that an arterial 

occlusion in the cat hindlimb for 15 seconds resulted in a much greater 

reactive hyperemia response than that following 50 seconds of venous 

occlusion. He concluded that a decrease in intravascular pressure was 

a much greater stimulus for vessel relaxation than an accumulation of 

metabolites. Hilton (1953) found no reactive hyperemia following 30 

second venous occlusions. However, significant reactive hyperemia was 

observed in response to a 30 second arterial occlusion. But, some 

venous collateral circulation was present in the preparation. 

There is some question whether a comparison of reactive hyper

emia following arterial occlusions and venous occlusions is a valid 

technique to distinguish between metabolic and myogenic mechanisms. 

Bache and Ederstrom (1965) also found the reactive hyperemia peak flow 

and excess flow to be less following venous occlusions. However, they 

furthermore determined that the diminished reactive hyperemia following 

venous occlusions was not due to a rise in intravascular pressure but 
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rather due to continued arterial inflow during the period of venous 

occlusion. 

Several investigations have claimed support for the myogenic 

mechanism based upon the reactive hyperemia response following venous 

congestion. After 5 minutes of venous congestion in both normal and 

sympathectomized human forearms, Patterson and Shepherd (1954) found 

upon release of the venous occlusion an initial sharp rise in flow for 

3 to 5 seconds followed by a flow rate 50% lower than the control flow 

level and lasting 1 to 2 minutes. The same identical response was also 

found following 20 or 30 minutes of venous congestion. They believed 

that the vasoconstriction represented a direct response of the vessels 

to an increase in intravascular pressure. Wood et al. (1955) observed 

that venous congestion prior to a 10 minute arterial occlusion reduced 

the excess flow 21 to 51% less than the excess flow found following 

arterial occlusion without congestion. Furthermore, raising the pres

sure within the piethysinograph to 100 mmllg (to lower the effective 

intravascular pressure) during an arterial occlusion with congestion 

was followed by an excess flow similar to that observed with arterial 

occlusion alone. They concluded that a decrease in intravascular pres

sure plays a role in reactive hyperemia, but is not the predominant 

cause of reactive hyperemia following 10 minute occlusions. Patterson 

(1956) found that the reactive hyperemia excess flow and duration 

following arterial occlusion with congestion is inversely related to 

the amount of prior venous congestion. Kontos et al. (1965) studied the 

effects of venous congestion on reactive hyperemia following short 

arterial occlusions and found that venous congestion reduced the 
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reactive hyperemia following 5 second occlusions to a much greater 

extent than following 30 second occlusions. They interpreted this data 

to indicate that a myogenic mechanism is dominant over metabolic mecha

nisms following very short occlusions. Scott and Haddy (1962) found 

under constant perfusion conditions that the decrease in dog forelimb 

resistance following occlusions of 20 to 60 seconds in length was com

pletely abolished with prior venous congestion. 

Barcroft (1972) interpreted the results of venous congestion 

experiments differently. He contended that packing the vasculature with 

blood prior to the occlusion presents the tissue with a greater supply 

of oxygen for use during the period of ischemia. This, he believed, 

could account for the reduction in the reactive hyperemia response. 

Bache and Ederstrom's (1965) data may support this proposition since 

they found that packing the limb with arterial blood reduced the reac

tive hyperemia whereas packing with venous blood during a 10 minute oc

clusion period showed the same reactive hyperemia response as with an 

arterial occlusion alone. 

The observation that reactive hyperemia occurs following occlu

sions of only a few seconds in length has been taken as evidence in 

favor of a myogenic mechanism. Folkow (1949) and Kontos et al. (1965) 

have shown that there is a correlation between the intravascular pres

sure drop during very short occlusions and the subsequent reactive 

hyperemia excess flow. Konradi and Levtov (1970) argue in favor of a 

myogenic mechanism to explain their observations that reactive hyperemia 

peak flow, excess flow, and duration remain constant following occlusion 

lengths of 3 to 30 seconds. 
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In summary, there is evidence to suggest the involvement of a 

myogenic mechanism in skeletal muscle reactive hyperemia. However, 

metabolic mechanisms clearly appear to be dominant in skeletal muscle 

vascular control in response to ischemia. 

Tissue Pressure Hypothesis 

Metabolic and myogenic mechanisms involve active responses of 

vascular smooth muscle. Another postulated vascular control mechanism 

is based upon purely passive changes in vessel diameter in response to 

changes in extravascular tissue pressure. The characteristics and ex

perimental criteria for the tissue pressure hypothesis has been 

summarized by Johnson (1964a). 

Briefly, according to this hypothesis, vessel diameter and vas

cular conductance is dependent upon the extravascular tissue pressure 

which is determined by the tissue fluid volume and the compliance of 

the tissue capsule. For example, an increase in arterial pressure 

causes increased capillary filtration and an elevation of tissue pres

sure which tends to collapse the less rigid capillaries and venules. 

This results in a decrease in vascular conductance and autoregulation of 

blood flow. 

Implicit in this hypothesis is the presence of a tissue capsule 

which may either be rigid or compliant. In addition, the extravascular 

tissue pressure must be positive and of sufficient magnitude to allow 

for a negative transmural pressure to exist across the low pressure and 

more compliant capillaries, venules, and small veins (Rodbard, 1971). 
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Hinshaw (1964) has presented evidence to suggest that tissue 

pressure may be involved in renal vascular adjustments to changes in 

arterial pressure. He found tliat increasing the renal artery pressure 

from 120 to 220 mmHg resulted in an increase in venous segment resis

tance and total resistance and a decrease in preglomerular vascular 

resistance. Intra-renal tissue pressure rose from 40 to 120 mmHg. 

On the other hand, Schmid, Garrett, and Spencer (1964) showed 

that autoregulation occurred equally well in the decapsulated kidney 

and in the normal capsulated kidney. Furthermore, needle tissue pres

sure measurements failed to show the proper relationship between tissue 

pressure and vascular resistance changes that were necessary to support 

the tissue pressure hypothesis. 

Johnson (1964b) found that tissue pressure mechanisms are not 

involved in intestinal autoregulation of blood flow. Furthermore, 

active vascular responses were necessary for the autoregulatory response 

since vascular smooth muscle poisoning with cyanide abolished autoregu

lation. 

According to the tissue pressure hypothesis, an elevation of 

venous pressure would increase tissue pressure causing a decrease in 

total vascular conductance. However, Jones and Berne (1964) found that 

venous pressure elevation resulted in an increase in vascular conduc

tance and autoregulation of blood flow. 

Rodbard (1971) proposed that changes in tissue pressure were 

responsible for reactive hyperemia. According to his model, tissue 

pressure falls during arterial occlusion and the capillaries collapse. 

Release of the occlusion results in a reactive hyperemia because the 
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fall in tissue pressure allows the capillaries to open up wider than 

during the pre-occlusion period. The longer the occlusion length the 

greater the fall in tissue pressure and the greater the reactive hyper

emia response. Venous occlusions will not produce reactive hyperemia 

but rather a "hypo-emia." This is a major weakness in the model since 

several investigations have demonstrated reactive hyperemia following 

venous occlusion in a variety of preparations (Lewis and Grant, 1925; 

Folkow, 1949; Bache and Kiderstrom, 1965). 

Further evidence against the role of tissue pressure in reactive 

hyperemia has come from Honda, Aizawa, and Yoshitoshi (1968). They 

demonstrated that tissue pressure alone is not responsible for renal 

reactive hyperemia. Perfusion of an isolated kidney with unoxygenated 

dextran solution abolished reactive hyperemia despite diminished tissue 

pressure during arterial occlusion. 

Reactive Hyperemia in Different Vascular Beds 

Reactive hyperemia has been most extensively studied in skeletal 

muscle and limb preparations. However, reactive hyperemia is a phenome

non common to many different vascular beds (Green and Kepchar, 1959). 

It is pertinent to compare the responses of different vascular beds to 

ischemia for such comparisons may provide additional insight regarding 

the mechanisms responsible for reactive hyperemia. 

The renal vasculature behaves quite differently from skeletal 

muscle in response to ischemia. Honda with associates (1968, 1972) have 

presented evidence which suggests a strong myogenic involvement in renal 

reactive hyperemia in both intact and isolated constant flow 
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preparations. Two reactive hyperemia phases were observed. Following 

occlusion release, an initial overshoot and undershoot of flow lasting 

several seconds was followed by a secondary hyperemic rise in flow. 

Since the initial phase was dependent upon preocclusion perfusion pres

sure and the secondary response increased in magnitude with increased 

occlusion lengths, the authors postulated that the initial response was 

of myogenic origin and the secondary response.inetabolically mediated. 

The flow debt repayment decreased from 30% following one minute of 

ischemia to about 101 following 5 minutes of ischemia. Therefore, it 

appears that reactive hyperemia in the kidney is both qualitatively and 

quantitatively different than skeletal muscle reactive hyperemia. 

Selkurt, Rothe, and Richardson (1964) studied intestinal vascu

lar responses to ischemia of 15 seconds to 5 minutes in length. They 

found that the reactive hyperemia duration and excess flow increased as 

the occlusion duration increased. The peak flow to control flow ratio 

was found to be about 1.8 and independent of occlusion duration. Flow 

debt repayment decreased from 58% following 15 second occlusions to 13% 

following 5 minute occlusions. Packing the vasculature with deoxygen-

ated dextran during the occlusion period did not change the reactive 

hyperemia response. Therefore, they concluded that myogenic mechanisms 

do not play a major role in intestinal reactive hyperemia. 

A quantitative comparison between myocardial reactive hyperemia 

and skeletal muscle reactive hyperemia was made by Katz and Lindner 

(1939). The reactive hyperemia response to ischemia was found to be 

greater in the dog heart than in the forelimb. They suggested that the 

greater responsiveness of the heart may be due to either a greater 
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amount of dilator substance being formed or to a greater sensitivity 

of the heart vasculature to vasodilator substances. 

Coffman and Gregg (1960) studied reactive hyperemia in the 

beating dog heart in response to ischemia of 5 to 180 seconds in dura

tion. They found that reactive hyperemia peak flow, excess flow, and 

duration increased with increasing occlusion lengths. The response 

duration was generally 2 to 3 times longer than the occlusion duration. 

The flow debt was always greatly overpaid. The flow debt repayment 

averaged 2191 and decreased to 150% following 180 seconds occlusions. 

The flow debt repayment averaged 500% in the unanesthetized dog heart 

(Olsson and Gregg, 1965a). 

The calculated oxygen debt incurred during myocardial ischemia 

is greatly overpaid during the reactive hyperemia period (Coffman and 

Gregg, 1961; Olsson and Gregg, 1965b). The oxygen debt repayment ranged 

between 140 and 730%. This is in contrast to a near exact oxygen debt 

repayment in skeletal muscle (Yonce and Hamilton, 1959; Abramson et al., 

1960). However, there are considerably more variables influencing oxy

gen debt in the beating heart (Olsson and Gregg, 1965b). 

The main features distinguishing myocardial from skeletal muscle 

reactive hyperemia flow appears to be the large overpayment of the flow 

debt and oxygen debt. 

Skeletal Muscle Microcirculation 

Anatomy of Skeletal Muscle Microvasculature 

The microvasculature of most skeletal muscle tissue is highly 

organized and quite comparable between different muscles and different 
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organisms. In a recent study, Eriksson and Myrhage (1972) described 

the anatomical arrangement of the.microcirculation in the cat tenuissi-

mus muscle. This muscle is characterized as being a fast, mixed muscle 

(Eriksson and Lisander, 1972; Eriksson and Myrhage, 1972). Two-thirds 

of the muscle is made up of slow and fast red fibers with the remaining 

third made up of large, fast white fibers. The main supply artery en

ters the muscle parallel to the muscle fibers and branches into arteri

oles which run transversely or diagonally across the fibers. The 

typically long straight capillaries rim in-between and parallel with 

the muscle fibers. This is quite characteristic of the capillary system 

in other skeletal muscle tissue (Krogh, 1929; Smaje, Zweifach, and 

Intaglietta, 1970; Gray, 1971). Furthermore, in a given muscle region, 

the direction of blood flow in parallel capillaries is generally con

current and most of the capillaries come from the same parent arteriole 

(Eriksson and Myrhage, 1972). 

Eriksson and Myrhage (1972) reported that the average capillary 

diameter is about 5.3 microns and the average length about 1015 microns. 

For the rat cremaster muscle, Smaje et al. (1970) reported a slightly 

larger capillary diameter (5.5 to 6.1 microns) and a somewhat shorter 

capillary length (615 microns). The capillary density in the rat cre-

2 
master has been determined to be about 1300 capillaries per mm of 

tissue (Smaje et al., 1970). 

Arterio-venous, shunt-like vessels are very rare in the cat 

tenuissimus (Eriksson and Myrhage, 1972) and have not been found in the 

rat cremaster (Smaje et al., 1970) or bat wing (Nicoll, 1964) although 
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they do exist in such microvascular beds as the dog omentum and rat 

mesoappendix (Chambers and Zweifach, 1944). 

Most skeletal muscle tissues that have been studied are fast, 

white muscles made up of a mixture of red and white muscle fiber types. 

For this reason, the microvascular anatomy has been quite similar in the 

different muscles studied. However, great differences in microvascular 

anatomy are observed when homogeneous red (slow) muscles are compared 

to pure white or mixed muscle types. Hudlicka (1969) observed that the 

capillary network in the chicken anterior latissimus dorsi (red) muscle 

is much denser than the capillary bed in the white posterior latissimus 

dorsi muscle. Furthermore, red muscle does not principally contain 

capillaries that are long and straight, and parallel to the muscle 

fibers. In the red soleus muscle of the rat, the capillaries are 

sinuous and tortuous with many cross-connections (Gray, 1971). Unlike 

the white gastrocnemius muscle, the soleus microvasculature showed 

little evidence of vasomotion or flow intermittency within the capil

laries. 

Flow Characteristics of Skeletal Muscle 
Microvasculature 

Arteriolar vasomotion and the existence of precapillary sphinc

ters have been reported by Chambers and Zweifach (1944) in their mesen

tery preparations. Arteriolar vasomotion has been clearly shown to 

exist in the bat wing (Nicoll, 1964). On the other hand, Eriksson and 

Myrhage (1972) did not see vasomotion in their tenuissimus preparation. 

Gray (1971) attributed the capillary flow intermittency to rhythmic 

opening and closing of precapillary sphincters even though precapillary 
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sphincters as such could not be identified. Eriksson and Myrhage 

(1972) could not identify any precapillary sphincters in the tenuissimus 

nor did they find any evidence of sphincter activity. It was suggested 

by Eriksson and Lisander (1972) that the very small end arterioles may 

act as "precapillary sphincters" since they showed the greatest diameter 

reduction with sympathetic stimulation. 

The resting capillary flow velocity is quite similar in differ

ent muscles. The capillary red blood cell velocity is 0.7 mm/sec in the 

rat cremaster (Smaje et al., 1970), 0.5 mm/sec in the cat tenuissimus 

(Eriksson and Myrhage, 1972; Gross, Arfors, and Intaglietta, 1974), 0.38 

mm/sec in the cat sartorius (Burton and Johnson, 1972), and 0.46 mm/sec 

in the frog pectoralis muscle (Gentry and Johnson, 1972). 

Periodic capillary flow behavior lias been recently noted by 

Burton and Johnson (1972), Gentry and Johnson (1972), and Gross et al. 

(1974) in different skeletal muscle preparations. This periodic flow 

behavior is common to other vascular beds such as mesentery (Chambers 

and Zweifach, 1944; Johnson and Wayland, 1967) and bat wing (Nicoll and 

Webb, 1955). 

Quantitative measurements of skeletal muscle capillary flow 

characteristics in response to ischemia have been made in two different 

studies. Using the dual-slit photometric technique of Wayland and 

Johnson (1967) to measure capillary red blood cell velocity, Burton and 

Johnson (1972) examined the capillary flow response to 60 seconds ar

terial occlusion while at the same time recording the gross flow re

sponse. Capillary responses could be grouped into four different types. 

Type I capillaries showed no reactive hyperemia. Capillaries showing a 
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reactive hyperemia duration much greater than the gross flow response 

duration and having a prolonged time-to-peak were designated Type II. 

Type III responses were similar to the gross flow profile. The most 

common capillary response (Type IV) showed a distinctive on-off response 

and had the greatest peak velocity to control velocity ratio. The 

summed capillary responses showed a similar reactive hyperemia profile 

to the summed gross flow responses. The authors concluded that the 

increased flow following an occlusion was primarily accounted for by 

augmentation of flow in previously open capillaries and not recruitment 

of additional capillaries. Since the sartorius is a mixed muscle, the 

authors also suggested that the different types of capillary responses 

may be a reflection of the different types of muscle fibers surrounding 

the feeding arteriole. 

It should be pointed out, that unlike other skeletal muscle 

studies discussed in previous sections, the sartorius muscle shows a 

significant underpayment of the flow debt. The flow debt repayment in 

this study averaged only 12% following 60 seconds of ischemia. 

Gentry and Johnson (1972) studied reactive hyperemia flow in 

the microcirculation of the frog pectoralis muscle in response to micro-

occlusion of individual arterioles. Increasing the occlusion from 30 

to 60 seconds doubled the excess flow. Capillary red cell velocity in

creased 233% over control following 30 seconds occlusion. The flow debt 

repayment, measured at the capillary, averaged 278% and the mean reac

tive hyperemia duration was more than double the occlusion duration. 

This study also showed that flow within a given capillary depends upon 

the metabolic environment of the arteriole supplying that capillary. 
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Histological, Biochemical, and Physiological 
Characterization 

In recent years, red and white skeletal muscle has been charac

terized according to both metabolic and physiological differences. The 

term "red" or "white" muscle is based upon the muscle's appearance. The 

redness of a muscle is due principally to the amount of myoglobin pres

ent in the muscle fibers, the homogeneity of the fiber type composition, 

and to a lesser extent by the amount of resting blood flow. White 

fibers have a greater anaerobic capacity than red fibers due to a larger 

amount of stored glycogen (Burke et al., 1971). Glycogen phosphorylase 

(breaks down glycogen to glucose-6-phosphate) activity is also high en

abling white fibers to utilize glycogen as a substrate for anaerobic 

(glycolytic) metabolism (Gauthier, 1971; Pette, 1971). Glycolytic en

zymes such as aldolase also have greater activity in white than red 

muscle (Gutmann and Syrovy, 1967). Red muscle, on the other hand, is 

predominantly aerobic. Histochemical work (Romanul, 1965) has shown 

that oxidative enzymes such as succinate dehydrogenase and cytochrome 

oxidase have greater activities in red than white muscle. Bass et al. 

(1969) examined enzyme activity ratios in many different red and white 

muscles from several species. Overall, white muscle can be metabolical-

ly characterized as having high capacities of glycogenolysis, glycolysis, 

and lactate production, whereas capacities of glucose phosphorylation, 

citric acid cycle and fatty acid oxidation are low. Red muscle and 

heart muscle show inverse characteristics to the above. 
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Red muscle, due to the aerobic nature of its metabolism, needs 

to have a continuous supply of oxygen. Oxygen consumption is from 2 to 

7 times greater in the cat soleus (red) than in the cat gastrocnemius 

(white) muscle (Folkow and Halicka, 1968; Hudlicka, 1969) and about 

3 times greater in the chicken anterior (red) latissimus dorsi muscle 

than in the posterior (white) latissimus dorsi muscle (Hudlicka, 1969). 

The literature is unclear regarding capillary densities and 

capillary-to-fiber ratios in different muscle types. For example, 

Romanul (1965) reported that red fibers are surrounded by 6 to 8 capil

laries while white fibers are surrounded by only 2 to 3 capillaries as 

determined by the alkaline phosphatase staining technique. In contrast, 

the recent work by Plyley and Groom (1975) using Microfil perfusion 

shows that there are no significant differences between red and white 

muscle in capillary density, capillary-to-fiber ratio, and in the mean 

number of capillaries around each fiber. Furthermore, the 

capillary-to-fiber ratios in the gastrocnemius and soleus muscles are 

essentially the same in several different animal species. They sug

gested that an adequate oxygen supply is insured in red muscle, in part, 

by a smaller muscle fiber which decreases the oxygen diffusion distance 

rather than by a greater number of capillaries surrounding each fiber. 

Red muscle also has a greater amount of myoglobin than white 

muscle (Reis and Wooten, 1970). This permits a greater oxygen storage 

within the muscle fibers and may contribute in facilitating oxygen dif

fusion from the capillary to the mitochondria although the latter func

tion is questionable (Wittenberg, 1970). 
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It should be pointed out that very few muscles have a homo

geneous fiber type composition. In fact, skeletal muscle is not made 

up of two histochemically or metabolically differentiated fiber types. 

An examination of the histochemical and biochemical literature 

(Romanul, 1965; Gutmann and Syrovy, 1967; Bass, Lusch, and Pette, 1970; 

Burke et al., 1971; Gauthier, 1971; Pette, 1971; Cotter et al., 1973) 

shows that instead of two distinct fiber types making up skeletal muscle 

there is actually a continuum of fiber types in which the fiber type 

composition can change and adapt to the physiological use of the muscle 

and can also change with the age of the organism. For example, the 

cat gastrocnemius muscle which is often classified as a "white" muscle 

contains some red fibers and other fibers which might be classified as 

intermediate types (Romanul, 1965). But since the white fiber popula

tion is predominant the muscle appears morphologically to be "white." 

The cat soleus muscle is almost completely red in fiber composition but 

a few white and intermediate fibers are still present (Romanul, 1965). 

Unlike most mammalian muscles, the chicken anterior (red) and posterior 

(white) latissimus dorsi muscles are essentially homogeneous in fiber 

type composition (Ilnik et al., 1967). 

Red and white muscles are sometimes classified as being slow and 

fast muscles, respectively. The fastness of a muscle is related to the 

amount of myofibrillar ATPase present which is involved in the hydroly

sis of ATP necessary for actin and myosin interaction (Barany, 1967). 

White muscle which has high myofibrillar ATPase activity is therefore 

faster than red muscle in which this enzyme shows low activity. But not 

all red muscles are "slow." Some red muscles are made up of fiber types 
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that have a high myofibrillar ATPase activity and are consequently fast 

(Burke et al., 1971). Certain non-marnmalian muscles are found to be 

much slower in contraction time than, for instance, the cat soleus. 

One such muscle is the chicken anterior latissimus dorsi (ALD which has 

a twitch time-to-peak of over 350 milliseconds (Page and Slater, 1965). 

This muscle is further characterized as having multiple rather than 

focal innervation and as not having propagated action potentials (Hnik 

et al., 1967). 

Resting Blood Flow 

Red and white skeletal muscle differ considerably in resting 

blood flow. Although it is unclear whether differences exist in 

capillary density, numerous investigations have shown that the resting 

blood flow is greater in red muscle. This higher flow is necessary 

to support the higher aerobic metabolism and consequently higher oxygen 

consumption found in red muscle. 

Several studies using both direct and indirect blood flow mea

surement techniques have shown that the resting blood flow in the adult 

cat soleus muscle is about 3 times greater than the resting flow in the 

gastrocnemius muscle (Reis, Wooten, and Hollenberg, 1967; Folkow and 

Halicka, 1968; Hudlicka, 1971; Hudlicka, Pette, and Staudte, 1973). 

In the adult chicken, the resting flow rate is about 2 times greater in 

the ALD than in the PLD muscle (Hudlicka, 1969). 

The relative resting blood flow between red and white muscle 

depends upon the age of the animal because biochemical differentiation 

of the muscles continues for some time after birth (Hudlicka, 1969; 
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Hudlicka et al., 1973). Up to 8 days of age, the resting blood flow in 

the chicken ALD and PLD muscles is the same. After 28 days, the resting 

blood flows in the 2 muscles are of the same ratio as found in the 

adult. This is about the same time that biochemical differentiation 

is complete (Bass et al., 1970). 

The relationship of blood flow to myoglobin concentration, 

capillary density, and muscle twitch characteristics was examined by 

Reis and Wooten (1970). Twenty-four different red, white, and inter

mediate muscles from cats were examined. Blood flow was measured by 

the ̂ Rb extraction technique. Myoglobin concentration was measured 

spectrophotometrically from muscle samples. Alkaline phosphatase 

activity from muscle samples was assumed to be proportional to capillary 

density since the alkaline phosphatase enzyme is localized within the 

capillary endothelium (Romanul, 1965). Twitch characteristics were 

measured as the time-to-peak tension as determined by intramuscular 

pressure development. They found that a direct, and highly significant 

positive correlation existed between the myoglobin concentration and 

resting blood flow, capillary density and resting blood flow, and be

tween twitch time-to-peak and resting blood flow. Muscles (e.g., 

gastrocnemius) with low myoglobin content, low capillary density, and a 

fast rate of contraction have a lower resting blood flow than red mus

cles (e.g., soleus) which have a higher myoglobin content and capillary 

density and have slower contraction times. 
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Vascular Responses 

Hilton and Vrbova (1968) and Hilton, Jeffries, and Vrbova (1970) 

compared the vascular resonses of cat soleus and gastrocnemius muscles 

to motor nerve stimulation. Blood flow was measured using a venous drop 

counter. Motor nerve stimulation of the white muscle (gastrocnemius, 

or tibialis anterior and extensor digitorum longus group) at varying 

frequencies from 1 to 8 impulses per second produced a 4 to 5-fold in

crease in blood flow. The motor nerve was stimulated for about 2 min

utes at each frequency. Maximal exercise hyperemia was observed at a 

frequency of 6 per second at which time tension development was about 

30% maximal. Tetanic stimulation (40 imp/sec for 10 seconds) produced 

maximal tension development and a 4 to 5-fold increase in blood flow. 

Mean control blood flow for 8 experiments was 13.9 ml/min-100 g and 

after tetanic stimulation 61.9 ml/min*100 g. 

When the same procedure was carried out using the red soleus 

muscle, motor nerve stimulation at a frequency of 8.per second only pro

duced a 30% increase in flow with tension development near maximal. 

Tetanic stimulation only produced about a 50% increase in flow (from 

51.9 to 76.4 ml/min-100 g; 19 experiments). Although the soleus showed 

very little hyperemia compared to the response seen in the white muscle, 

it still demonstrated autoregulation and responded to acetylcholine 

infusion by increasing flow 5-fold. 

The results of Folkow and Halicka (1968) stand in sharp contrast 

to that shown by Hilton's group. Folkow and Halicka reported a 3-fold 

increase in soleus blood flow during motor nerve stimulation (at 12 
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imp/sec stimulation frequency) and a post-contraction hyperemia of 

6-fold over control following tetanic stimulation. 

Blood flow characteristics of red and white muscle have been 

studied in muscles other than the cat soleus and gastrocnemius. 

Hudlicka (1969) has studied blood flow in red and white muscles of the 

chicken (anterior and posterior latissimus dorsi muscles). In the adult 

chicken the resting blood flow for the ALD and PLD was 23.1 and 12.3 

ml/min-100 g, respectively, using a venous drop counter for measurement. 

Tetanic stimulation for 20 to 30 seconds resulted in a post-contraction 

hyperemic response in both muscles. The white PLD increased blood flow 

by 811 and the red ALD by 30%. Although the differences are not as 

great as found in the cat soleus and gastrocnemius, nevertheless, the 

white PLD showed a significantly greater response to tetanic stimulation 

than the red ALD. 

Purpose and Aim of Present Study 

A considerable body of information exists regarding reactive 

hyperemia in skeletal muscle. Gross flow reactive hyperemia character

istics have been examined in a variety of preparations using several 

different teclmiques for the indirect or direct measurement of flow. 

The majority of these studies have indicated that mechanisms linked to 

tissue metabolism are most likely responsible for reactive hyperemia. 

However, the exact nature of the metabolic control mechanism is still 

unknown. There are also data which appear to be inconsistent with the 

metabolic hypothesis and may best be explained by the myogenic hypothe

sis. The evidence indicates that myogenic mechanisms, when present, 
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may have a greater expression relative to metabolic mechanisms following 

short periods of ischemia. 

Although gross flow studies have given much information regard

ing skeletal muscle reactive hyperemia, there are definite limitations 

to this type of approach. The majority of gross flow studies have in

volved whole limb preparations in which other circulations (e.g., skin) 

were present in addition to skeletal muscle. This creates problems in 

data interpretation since the gross flow reactive hyperemia responses 

reflect other circulations in addition to skeletal muscle. Gross flow 

studies on isolated muscles also have to consider the non-homogeneity of 

the muscle composition. In other words, gross flow represents the sum 

of the circulations present within a limb or within a non-homogeneous 

isolated muscle. Therefore, gross flow reactive hyperemia does not 

give complete information regarding the responses of individual micro

vascular units within the muscle. This was clearly shown to be true 

in the cat sartorius muscle (Burton and Johnson, 1972) in which both 

gross flow and individual capillary flow responses to ischemia were 

studied. 

Further studies need to be performed on skeletal muscle reactive 

hyperemia using the microcirculatory approach. Quantitative information 

needs to be gained regarding how individual arterioles respond to dif

ferent periods of ischemia. Two previous microcirculatory studies on 

skeletal muscle reactive hyperemia have been reported in the literature 

(Burton and Johnson, 1972; Gentry and Johnson, 1972). However, an 

in-depth study examining the effect of short and long periods of 

ischemia on microvascular reactive hyperemia needs to be done. This 
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type of study would provide a more detailed characterization of micro

vascular responses to different lengths of ischemia and may allow cer

tain inferences to be drawn regarding the nature of the regulatory 

mechanism. 

Additonal information would also be gained if the microvascular 

responses to ischemia were compared in red and white muscle. The resting 

metabolism of red and white muscle is known to be considerably different 

in respect to the relative degree of aerobic and anaerobic metabolism. 

The differences in aerobic and anaerobic metabolism suggest that many 

of the proposed metabolic vasodilator substances have different tissue 

concentrations in the two muscle types. In addition, the tissue metabo

lism and therefore the type and amount of metabolic by-products would 

be affected differently in these two muscles by a period of hypoxia 

induced by blood flow cessation. Therefore, one might hypothesize on 

the basis of the known metabolic differences in red and white muscle, 

that the microvascular reactive hyperemia responses to ischemia may be 

different in these two muscle types. 

The present study was undertaken with three general aims in 

mind: (1) to develop a new skeletal muscle microcirculatory preparation 

in which direct comparisons could be made between the microvascular 

reactive hyperemia responses of red and white muscle under identical 

experimental conditions; (2) to characterize the microvascular reactive 

hyperemia responses in red and white muscle to different lengths of 

ischemia; and (3) to test the hypothesis that red and white muscle 

microvasculature may respond differently following ischemia. 
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The anterior and posterior latissimus dorsi muscles of the 

chicken were chosen and developed as a microcirculatory preparation for 

this study. These muscles were chosen for the following reasons: (1) 

both muscles are essentially homogeneous in fiber-type composition, 

(2) considerable histochemical and biochemical work has already been 

done on these muscles, and (3) the red and white muscle blood flow 

characteristics can be examined under identical experimental conditions. 

Microvascular responses to ischemia were studied by examining 

the effect of different occlusion lengths on reactive hyperemia as 

measured by changes in individual capillary red cell velocities. Re

active hyperemia was characterized by observing the capillary velocity 

response profiles and by quantitating the reactive hyperemia responses 

by measuring the peak hyperemia velocity, peak to control velocity 

ratio, response duration, excess flow, and percent flow debt repayment. 

Reactive hyperemia data were obtained under conditions of both normal 

and reduced tissue temperature. These data were examined to see if they 

would provide some insight regarding the involvement of metabolic, 

myogenic, or tissue pressure mechanisms. 

The microvascular responses to ischemia were compared in the 

two muscle types following different occlusion lengths. Experiments 

were performed at reduced tissue temperature in order to determine if 

temperature reduction differentially affected the vascular control 

mechanisms of the two muscle types. 



METHODS 

General Methods 

White leghorn chickens (Gallus domesticus) ranging from 4 to 8 

weeks in age were used in most experiments in this study. In one series 

of experiments (5-22-72 through 6-4-72), a Hubbard breed of Gallus 

domesticus was used instead of the white leghorn breed. Although 

Hubbard chickens were of greater weight at any give age than the white 

leghorn chickens, no apparent differences were found in the reactive 

hyperemia reponses of the ALD and PLD muscles when compared to the data 

derived from white leghorn chickens. The chickens ranged in weight from 

190 to 530 grams. 

The chickens were initially anesthetized with an intramuscular 

injection into the pectoralis muscle of 3.7, cc/Kg of Equi-Thesin 

(Jensen-Salsbery laboratories). Equi-Thesin contains 42.51 mg/ml of 

chloral hydrate and 9.72 mg/ml of pentobarbital as well as magnesium 

sulfate (21.25 mg/ml), propylene glycol (44.34% m/v), and alcohol. 

Additional anesthesia of 10 to 15% of initial dosage was given as needed 

by an intramuscular injection into the pectoralis muscle. The desired 

surgical plane of anesthesia was reached when there was no tone in the 

neck muscles and a minimal response to pinching the comb. The depth of 

anesthesia during surgery usually depressed mean arterial pressure 20 to 

30 mmHg. However, when the muscle preparation was complete and ready 

for microscopic examination, the mean arterial pressure was usually 

between 90 and 115 mml-Ig. During the period of data collection the 

60 
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chicken was maintained in a state of light anesthesia as evidenced by a 

normal mean arterial pressure, a moderate response to comb pinching, 

and a moderate degree of muscle tone in the neck. 

During surgery the chicken's core temperature was maintained at 

40 to 42°C by using an electric heating pad under the bird. It was im

portant to maintain the core temperature within a narrow range because 

some preliminary experiments demonstrated that core temperature either 

above or below this range would significantly lower the mean arterial 

pressure in the anesthetized chicken. Therefore, core temperature was 

periodically checked using a rectal thermometer during surgery and 

during the period of data collection. When the bird was on the micro

scope stage the core temperature was maintained by covering the bird 

with a towel. 

The surgical procedures involved were: (1) cannulation of the 

brachial artery branch, (2) muscle isolation, and (3) mounting on the 

stage for microscopic observation. A branch of the brachial artery 

lying between the radius and ulna of the left wing was cannulated using 

a 2 cm length of polyethylene tubing (PE 10; 0.024" o.d.) stepped-up to 

a 60 cm length of PE 50 and filled with a dilute solution of heparine 

and saline (1 mg/cc in 0.9% NaCl). This cannula was later attached to 

a Statham P23Gb transducer for the measurement and recording of arterial 

pressure during the experiment. Following this, the bird was re

positioned, the right wing stretched out, and feathers removed from the 

right side of the back. The skin overlying the ALD and PLD muscles was 

cut and pulled away from the muscles. Once exposed, the underlying 

tissue was kept moist with a saline drip (0.9% NaCl) and some areas were 
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covered with Saran wrap. The PLD was first separated from underyling 

tissue and a small medial-posterior blood supply and drainage tied off. 

The PLD was cleared of surrounding tissue from its origin on the spinal 

column to near its insertion on the humerus. The blood and nerve 

supply remained intact since they enter the two muscles near their 

common insertion on the humerus. Next, a brass bar used to clamp the 

muscles onto the muscle stage was inserted under the muscles next to the 

spine. The muscle stage, previously heated to 40°C, was then positioned 

over the muscles and the bar underlying the muscles was clamped down 

onto the stage. The muscles were then separated from the spine by 

cutting between the spine and bar clamp. At this point, the muscles 

were still attached to their insertion at one end while at the same 

time being clamped to the muscle stage at the other end. Next, the 

muscle preparation and bird were placed on a specially designed micro

scope stage and the muscles were covered with Saran wrap (Figure 1). 

It was very important to the success of the study that the muscles were 

lying flat on the stage surface and that respiratory movements of the 

bird did not shift the muscles. 

The microscope stage and muscle stage assembly are shown in 

Figure 1. All components, except the clamping bar, were constructed 

from Plexiglas. The microscope stage measured 18 x 24 cm and was of 

adequate size to accomodate chickens up to about 8 weeks in age. The 

pedestal, upon which the muscle stage was attached, measured 3.6 cm 

(width) x 7.5 cm (length) x 1.7 cm (height) and was hollow allowing the 

microscope substage condenser objective to pass up into the microscope 

stage and pedestal to a position just below the muscle stage. The 
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muscle stage measured 3.6 x 7.5 x 0.75 cm and was fastened to the 

pedestal after the muscles were mounted. The muscle stage was hollow 

and water-filled. The upper and lower Plexiglas plates of the muscle 

stage were 0.3 and 0.15 cm thick, respectively. The inside dimensions 

of the water chamber were 2.5 cm (width) x 5.6 cm (length) x 0.3 cm 

(height). During the experiment a stage temperature of 40 ± 1°C was 

maintained by continuous circulation of warm water through the stage 

with the aid of a Haake FJ water bath perfusion pump. 

The occluder was attached to the muscle stage overlying the 

lateral aspect of the two muscles (Figure 1). The occluding device con

sisted of a Plexiglas frame and a water-filled silastic tube connected, 

via a cannula, to a syringe. When inflated, the occluder compressed the 

lateral portion of the muscles onto the stage causing blood flow cessa

tion in both muscles. It was important to make sure that inflation of 

the occluder did not cause significant movement of the muscles. 

Flow measurements were made in individual capillaries using the 

dual-slit photometric technique of Wayland and Johnson (1967) to measure 

red blood cell velocity. The muscles were transilluminated using a 100 

watt mercury arc lamp and the magnified image projected onto a screen in 

which two vertical slits were positioned one millimeter apart (5 micron 

separation referenced to the microcirculation). The capillary images 

were positioned perpendicular to the slits so that the flowing red blood 

cells would pass sequentially across the two slits. A light pipe from 

each slit led to a photomultiplier tube. Therefore, a red blood cell 

travelling across the slits would sequentially produce a voltage drop in 

the two photomultiplier tubes. The output signals from the two 
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photomultiplier tubes were amplified and displayed on a Textronix Type 

RM565 dual-beam oscilloscope. The amplified signals were fed into a 

Hewlett Packard model 3721A on-line digital cross-correlator which com

puted the time delay of the two signals. The output voltage, which was 

proportional to the time delay in milliseconds was then divided into a 

selected voltage representing the slit separation (5 p) by a Philbrick 

analog divider model Q3-M1P. The output of this functional module was 

red cell velocity in mm/sec. The velocity was recorded on a Beckman 

Type R recorder. The photomultiplier tube outputs, velocity, and 

arterial pressure were also recorded on a Honeywell 5600C FM analog 

tape recorder for future play back analysis. 

Experimental Protocol 

In this study, reactive hyperemia was examined at normal muscle 

temperature and at reduced muscle temperature. In the normal tempera

ture experiments, the muscle was maintained at 40 ± 1°C by adjusting 

the temperature of the water perfusing the muscle stage. After mounting ' 

on the microscope stage, the preparation was allowed to stabilize for 

20 to 30 minutes before any data were collected on capillary flow. Dur

ing this period, the arterial pressure was recorded, the level of 

anesthesia adjusted, and the core temperature checked. The muscle vas

culature was visually inspected under the microscope to determine 

whether or not blood flow in the microcirculation was patent. Of the 

47 normal temperature preparations examined, 8 PLD muscles and 1 ALD 

muscle did not have any flow when observed under the microscope. This 

may have resulted from excessive stretching of the muscles during the 
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mounting procedure and by improper mounting which sometimes restricted 

venous outflow. Flow shut-down also occurred several times when the 

bird thrashed on the stage pulling the muscles. 

If any region of a muscle or the entire muscle appeared to have 

abnormal flow this was noted and capillaries would not be sampled in 

those regions. Flow was considered to be abnormal when only a rela

tively small number of capillaries were flowing and the velocities of 

the flowing capillaries were less than 0.1 mm/sec. This was often 

accompanied by jerky red cell movements within the capillaries and by a 

sluggish, back-and-forth movement of the blood in the small and large 

veins. 

In several preparations (10 PLD muscles; 11 ALD muscles) the 

microvascular flow appeared to be normal, however, no reactive hyperemia 

was observed. The reasons for this condition were not always apparent 

although the non-reactivity may have been related to trauma incurred 

during the surgical and mounting procedures or related to the level of 

anesthesia. 

Following the stabilization period a capillary in either the red 

or the white muscle was selected for study. A suitable capillary for 

velocity measurement was one which could be visualized as distinct and 

separate from other vessels (especially important in the ALD where capil

lary density was very high). Such vessels gave a well-defined cross-

correlation peak of the photo-tube output signals. A control velocity 

was then recorded for 2 to 5 minutes to make sure stable recordings 

could be obtained. Next, the vessel was tested for reactive hyperemia 

by performing a 7 or 15 second occlusion and recording the flow response 
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subsequent to the occlusion release. If hyperemia was observed, then a 

series of occlusions were performed as described below. If hyperemia 

was not seen following a short occlusion the vessel was further tested 

with a 30 second occlusion. The capillary was considered unreactive 

if no reactive hyperemia was found in response to a 30 second occlusion. 

In reactive capillaries, a random sequence of occlusions was performed 

at 3-1/2, 7, 15, 30, 60, and 180 seconds in duration. There was usually 

some repetition of a given occlusion duration especially at the 7, 15, 

and 30 second durations in order to obtain an average capillary response 

for a given occlusion length. A minimum of 60 seconds of control veloc

ity was recorded prior to each occlusion. After the reactive hyperemia 

response had returned to a stable control level there was a minimal 

period of 120 seconds until the next occlusion. Capillaries were 

selected from various regions in a given muscle, except in areas which 

were judged to have impaired flow. Several capillaries were usually 

sampled in one muscle before sampling from the other muscle. 

It should be pointed out that when discussing "capillary reac

tive hyperemia," this does not imply that the capillaries themselves are 

reacting to ischemia. When reactive hyperemia is studied by measuring 

changes in capillary red cell velocity, the capillary velocity in 

reality only reflects changes in microvascular resistance which presum

ably occurs at the arteriolar level. 

The reduced temperature experiments followed the same basic pro

tocol as the normal temperature experiments. However, occlusions of 

only 15 and 60 seconds duration were performed. In these experiments 

the muscle temperature was maintained at 30 ± 1°C by keeping the muscle 
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stage and tissue exposed to room temperature (25°C) and by not circu

lating warmed water within the muscle stage. 

Data Analysis 

The control red cell velocities in individual capillaries were 

classified as being steady, irregular, or periodic in behavior. Caj)il-

laries classified as having a steady flow behavior showed little or no 

spontaneous fluctuation in velocity. Capillaries having flow patterns 

that fluctuated more than 25% around the mean velocity at a random fre

quency were termed "irregular." Periodic capillaries were similar to 

the irregular type except the flow variations were of a regular fre

quency in nature. Periodic capillaries included those showing a regular 

on-off behavior. 

Reactive hyperemia was quantitated by determining the peak 

velocity, peak to control velocity ratio, the response duration, excess 

flow, and percent flow debt repayment. The peak velocity was the 

highest velocity found during the hyperemic response. The response 

duration was measured as the time from the occlusion release until 

stabilization at a new post-hyperemia control velocity. Excess flow 

was defined as the area under the hyperemia response curve minus the 

post-hyperemia control velocity times the response duration. Areas were 

determined planimetrically. When measuring capillary red cell velocity, 

excess flow has the units of mm of flow since it is expressed in terms 

of the length of a column of blood of capillary dimensions. It was 

assumed that the capillary dimensions remained constant during the re

active hyperemia response. The percent flow debt repayment was defined 
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as the excess flow divided by the flow debt times 100. The flow debt 

was determined by multiplying the pre-occlusion control velocity by the 

occlusion duration. 

The individual capillary responses following each occlusion 

length were summed and mean values were determined for the different 

parameters and the standard deviation and standard error calculated to 

give information regarding the sample distribution about the mean. 

Graphs were made of the various reactive hyperemia parameters as a func

tion of the log of the occlusion duration. The Student t-test was used 

to determine the level of statistical significance between the ALD and 

PLD mean responses following each occlusion length for the different 

reactive hyperemia parameters. The t-test for paired observations was 

also used in some instances to test for the significance of changes in 

a response parameter following different occlusion lengths. Linear re

gression analyses were also performed using the least squares method and 

correlation coefficients determined. 

In addition to the above analyses, the capillary flow responses 

following 60 seconds occlusions were summed and averaged for each muscle 

type at both normal and reduced temperature in order to obtain mean 

reactive hyperemia profiles for the two muscles. This was accomplished 

by digitizing the reactive hyperemia flow patterns for each capillary at 

one second intervals from tracings of the original records. The digi

tized data were stored on digital magnetic tape and recalled for statis

tical analysis on a Digital Equipment Corporation Lab 8/e computer. The 

mean capillary reactive hyperemia velocity ± standard error profile was 

plotted by the computer for each muscle type on both linear and 
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semi-logarithmic scales. The velocity profiles were also normalized to 

the differences in capillary control velocity. This was achieved by 

summing and averaging the individual capillary profiles after each one 

had been normalized to its own control velocity by dividing the reactive 

hyperemia velocity at each point in time by the control velocity. Com

puter plots of the normalized reactive hyperemia profiles were also 

made. 



RESULTS 

Reactive hyperemia was measured in red ALD muscle capillaries 

and in white PLD muscle capillaries under two different experimental 

conditions. The first series of experiments examined reactive hyperemia 

in capillaries of both muscles at normal tissue temperature. Occlusions 

ranging from 3-1/2 to 180 seconds were performed. Several different 

reactive hyperemia parameters were quantitated and plotted as a function 

of occlusion length. The second series of experiments examined reactive 

hyperemia under the condition of reduced tissue temperature. Occlusion 

lengths of 15 to 60 seconds were performed and the reactive hyperemia 

data were then compared with the data obtained under normal temperature 

conditions. 

Normal Temperature Study 

Forty-seven chickens were used in this study. Of these, reac

tive hyperemia data were obtained from 31 chickens. Sixteen of the 47 

preparations showed no reactive hyperemia responses in either muscle. 

Reactive hyperemia responses were recorded from 70 ALD capillaries from 

27 different animals. A total of 40 PLD capillaries from 13 chickens 

showed reactive hyperemia. In some capillaries, only one occlusion was 

performed, while in others, up to a dozen occlusions were made. Reac

tive hyperemia data were obtained from both muscles in 9 chickens. 

71 
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Capillary Control Flow 

Capillary control flow patterns were categorized into four 

groups: steady, irregular, periodic,.and periodic on-off. Figure 2 

shows examples of these control flow patterns. 

Forty-seven percent of the ALD reactive capillaries had steady 

control flow patterns in which the velocity did not vary more than 25% 

around the mean velocity. Thirty percent of the PLD capillaries 

showed this type of control flow pattern. Forty-one percent of the ALD 

capillaries and 43% of the PLD capillaries showed irregular control 

flow behavior. 

Seven percent of the ALD capillaries and 28% of the PLD capil

laries displayed periodic flow. Five of the 13 PLD muscles studied had 

one or more capillaries with periodic flow whereas only 4 of the 27 ALD 

muscles showed any periodic flow behavior. Therefore, there appears to 

be a greater tendency for periodic flow in the PLD muscle. However, it 

was observed in 3 experiments (1-21-74, 5-24-74, and 5-31-74) that 

periodicity developed in PLD capillaries only after the preparation had 

been on the stage for at least 2 to 3 hours. Periodic flow was seldom 

observed when a preparation was first, examined at the onset of an ex

periment. The frequency of the periodicity ranged from 4 to 12 cycles 

per minute. The frequency and amplitude were both observed to change 

not only in response to ischemia (e.g., Figures 9 and 10, pages 82 and 

84, respectively) but also during control flow periods of several min

utes in length. 
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Figure 2. Four different control red cell velocity patterns observed 
in ALD and PLD muscle capillaries. 
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Periodic flow was also manifested as an on-off flow behavior. 

This was observed in one ALD capillary and in two PLD capillaries from 

two different muscles. 

It was generally observed while recording periodic flow behavior 

in one capillary that adjacent capillaries in the microscopic field also 

showed the same type of flow pattern. This was particularly noted in 

experiment 1-21-74 in which the periodicity of concurrent flowing capil

laries was in-phase. Countercurrent flowing capillaries showed a 

periodicity that was out-of-phase. It is possible, though not confirmed 

microscopically, that the countercurrent flowing capillaries were 

supplied by two different arterioles. 

The mean capillary red cell control velocity was significantly 

higher (p < .001) in the ALD muscle. The mean (± SD) red cell velocity 

in 68 ALD capillaries was 0.56 ± 0.24 mm/second. This compared to a 

mean of 0.33 ± 0.15 mm/second in 39 PLD capillaries. A frequency dis

tribution of control velocities is shown in Figure 3. From this figure, 

it is apparent that ALD capillaries show a greater range of control 

velocities with 22% of the ALD capillaries having control velocities 

greater than that found in any PLD capillaries studied. 

Reactive Hyperemia Response Patterns 

Representative reactive hyperemia data from an ALD capillary 

are shown in Figure 4. Increasing the occlusion duration from 3-1/2 to 

180 seconds resulted in an increase in peak reactive hyperemia veloci

ty, response duration, and excess flow. The percent flow debt repayment 

in this particular capillary was highly variable ranging from a low of 



Figure 3. Frequency distributions of control capillary red cell veloci
ties in the PLD and ALD muscles at normal temperature. 

The upper histogram shows the distribution of control red cell veloci
ties in 39 PLD muscle capillaries at normal tissue temperature (40°C). 
The mean ± S.E. PLD capillary control velocity was 0.33 ± .024 mm/second. 
The lower histogram shows the distribution of capillary control veloci
ties in 68 ALD capillaries at normal temperature. The mean ± S.E. ALD 
capillary control velocity was 0.56 ± .03 mm/second. The mean control 
velocities were significantly different (p < .001). 
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Figure 3. Frequency distributions of control capillary red cell veloci
ties in the PLD and ALD muscles at normal temperature. 
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Figure 4. Reactive hyperemia responses in a typical ALD muscle capil
lary following different lengths of ischemia. 

This recording is from capillary ALD-21 of experiment 5-24-74. 
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521 following the 60 second occlusion to a high of 220% following the 

180 second occlusion. 

The capillary flow responses from the PLD muscle were quite 

similar to those found in the ALD muscle. A typical PLD capillary (Fig

ure 5) from the same chicken as in Figure 4 shows an increase in peak 

velocity, reactive hyperemia duration, and excess flow with increasing 

occlusion length. 

The capillaries shown in Figures 4 and 5 were chosen as being 

representative of the types of reactive hyperemia responses most often 

seen in the ALD and PLD muscles. However, there was a great variability 

in the pattern and magnitude of the responses. An example of the wide 

variability in response pattern and magnitude is shown in Figures 6 and 

7 which are from the ALD and PLD muscles of the same chicken. These 

data differ from the data in Figures 4 and 5 in respect to their high 

peak to control velocity ratios and large percent flow debt repayments. 

A comparison of Figure 7 with Figures 9 and 10 (pages 82 and 84 , respec

tively) reveals that different capillaries within the same muscle may 

show entirely different flow responses to ischemia. 

Figure 8 shows reactive hyperemia as recorded from a PLD capil

lary displaying a periodic control flow behavior. Velocity increased 

and periodicity was abolished during the reactive hyperemia period. 

This was the most common type of reactive hyperemia response seen in 

capillaries showing periodic control flow behavior. 

Figure 9 is of particular interest because this PLD capillary, 

unlike some other PLD capillaries in the same chicken (compare Figure 

7), displayed a frequency modulation of flow in response to ischemia. 
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Figure 5. Reactive hyperemia responses in a typical PLD muscle capillary following different lengths 
of ischemia. 

This recording is from capillary PLD-9 of experiment 5-24-74. 
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Figure 6. Reactive hyperemia responses from an ALD capillary showing 
very large peak to control velocity ratios and percent flow 
debt repayments. 

This recording is from capillary ALD-18 of experiment 1-21-74. 
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Figure 7. Reactive hyperemia responses from a PLD capillary showing 
very large peak to control velocity ratios and percent flow 
debt repayments. 

This recording is from capillary PLD-5 of experiment 1-21-74. 
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iyWŴ V\AfAj ̂AAyVWvA/̂ /̂\/\AÂ ÂA/V\|yvv̂ AyNV̂ yAAA-
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Figure 8. Reactive hyperemia responses from a PLD capillary displaying 
a periodic control flow behavior. 

This recording is from capillary PLD-9 of experiment 1-30-74. 
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Figure 9. Pure frequency modulation of reactive hyperemia responses in a PLD muscle capillary. 

This recording is from capillary PLD-8 of experiment 1-21-74. Compare with the PLD capillary re
sponse shown in Figure 7 which is from the same muscle. oo 
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Following the occlusion period, the "on" phase was increased following 

the longer occlusion durations. Unlike the periodic PLD capillary in 

Figure 8, there was no change in the amplitude of the "on" phase fol

lowing ischemia. Nevertheless, the flow debt was still repaid to the 

same extent as in capillaries showing purely an amplitude modulation of 

flow (e.g., Figures 4 and 5). In addition, note that the period of in

creased flow was considerably longer in this capillary. The response 

duration following the 60 second occlusion was over 5 minutes in length. 

Although this was the only capillary studied which showed a pure fre

quency modulation of flow, it nevertheless demonstrated an additional 

way by which flow may be modulated within the microcirculation. 

Figure 10 is also a PLD capillary from the same muscle as shown 

in the preceding figure. Flow in this capillary displayed both ampli

tude and frequency modulation in response to ischemia. It is also in

teresting to note the high frequency, low amplitude oscillations in 

flow that occurred midway through the reactive hyperemia response. 

A previous study on reactive hyperemia in cat sartorius muscle 

(Burton and Johnson, 1972) showed that flow responses in individual 

capillaries following ischemia often times displayed an undershoot or 

on-off type of pattern. It was suggested that this type of response 

pattern was linked to a myogenic control mechanism. Therefore, it was 

of interest to determine whether this type of capillary flow response 

was unique to the sartorius muscle or whether it was a phenomenon common 

to other skeletal muscle tissues as well. 

Shown in Figure 11 is an ALD capillary which displayed an on-off 

undershoot response following a 7 second occlusion, and an undershoot 
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Figure 10. An example of both amplitude and frequency modulation of reactive hyperemia. 

This recording is from capillary PLD-6 of experiment 1-21-74. 
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Figure 11. An ALD capillary displaying an undershoot reactive hyperemia 
response following short occlusion lengths. 

This recording is from capillary ALD-12 of experiment 8-31-73. 



86 

of lesser magnitude following a 15 second occlusion. Nineteen percent 

of the ALD capillaries (from 26% of the reactive ALD muscles) studied 

showed this type of response following at least one occlusion. The 

undershoot response was found almost exclusively following 7 or 15 

second occlusions. However, one ALD capillary did show undershoot fol

lowing a 3-1/2 second occlusion and another capillary following a 60 

second occlusion. About 50% of the undershoot responses were of an on-

off nature. Quite often, the undershoot was of such magnitude that the 

excess flow was negative as was the percent flow debt repayment. 

The undershoot phenomenon was also observed in 23% of the PLD 

capillaries (Figure 12) from 5 of the 13 reactive PLD muscles. Unlike 

the ALD muscle, 3 of the 9 PLD capillaries having an undershoot response 

displayed this phenomenon following 180 second occlusions. In addition, 

one capillary showed undershoot following occlusions of 7, 15, 30, and 

60 seconds in length. Similar to the ALD, about 50% of the PLD under

shoot responses were on-off. 

Quantitation of Reactive Hyperemia Responses 

The various reactive hyperemia parameters such as control 

velocity, peak velocity, response duration, and excess flow were de

termined for each of the individual capillary responses following each 

occlusion length. The data for all the individual capillary responses 

in both muscles are given in Appendix A. The individual capillary re

sponse data were summed and averaged and appropriate statistical analy

ses performed in order to examine the effect of occlusion length on the 

various reactive hyperemia parameters. These data were used to test 
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Figure 12. A PLD capillary displaying an undershoot reactive hyperemia response. 

This recording is from capillary PLD-6 of experiment 5-24-74. Compare with capillary from same 
muscle shown in Figure 4 which does not display an undershoot. 
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the hypothesis that the reactive hyperemia responses of red and white 

muscle may be different. This hypothesis was examined by comparing the 

values of the various reactive hyperemia parameters observed in the two 

muscle types. These data are given in Tables 1 through 5 and illus

trated in Figures 13 through 17. These data were also examined to see 

if some inferences could be drawn regarding the nature of the control 

mechanism responsible for the reactive hyperemia. 

The effects of occlusion duration on reactive hyperemia peak 

velocity in the two muscles are shown in Figure 13. From these data, 

three generalizations can be made: (1) significant reactive hyperemia 

is found in both muscles following occlusions as short as 3-1/2 seconds, 

(2) the peak velocity increases with increasing occlusion duration, and 

(3) the ALD shows a greater response at all occlusion lengths. 

Although not all capillaries showed reactive hyperemia following 

3-1/2 seconds of ischemia, the mean (± SE) values for 15 ALD and 9 PLD 

capillaries from which recordings were made were 0.97 ± 0.12 and 0.60 ± 

0.14 mm/second for the ALD and PLD muscles, respectively. It should 

also be noted that occlusions of 3-1/2 seconds in length were only per

formed on vessels which had already demonstrated a reactive hyperemia 

response to occlusion lengths of 7 or 15 seconds. 

Generally, both muscles showed a higher peak velocity at the 

longer occlusion lengths compared to the shorter occlusions. However, 

Figure 13 shows that the peak velocity did not always change signifi

cantly with increasing occlusion lengths. For example, in response to 

occlusions of 7, 15, and 30 seconds, the mean (± SE) ALD peak velocity 

values were 1.34 ± 0.08, 1.34 ± 0.11, and 1.45 ± 0.09 mm/second, 



o 
Q) 
CO 

> 
H 
O 
o 
_1 
LU 
> 

< 
LU 
CL 

2.0 

1.0 

ALD 
PLD 

CA 

j 

A 
CP 

I 
.--i 

...--l 1 

-//. i i i i i i 
0  ' a 5  7  1 5  3 0  6 0  1 8 0  

OCCLUSION DURATION (sec) 

Figure 13. Peak reactive hyperemia velocities for ALD and PLD muscle capillaries in response to vary
ing occlusion durations at normal tissue temperature. 

The occlusion duration is on a log scale and the vertical bars represent the standard error. The mean 
control velocities for the ALD and PLD capillaries are indicated by Q\ and Cp, respectively. The mean 
velocity values, standard errors, number of capillaries, and statistical significance for each occlu
sion duration are given in Table 1. 
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Table 1. Peak reactive hyperemia velocities for ALD and PLD muscle 
capillaries at normal temperature. 

Values represent mean ± standard error, (n) is the number of individual 
capillaries. Data not included from two frequency modulated capillaries 
--experiments 1-21-74 (PLD-8) and 5-24-74 (PLD-31). 

Occlusion 
Duration 
(seconds) 

ALD 
Peak Velocity 
(mm/second) 

PLD 
Peak Velocity 
(mm/second) 

3-1/2 0.97 + .12 n = 15 0.60 + .14 n = 9 

7 1.33 + .08 n = 49 0.70 ± .09 n = 26* 

15 1.37 + .11 n = 42 0.86 ± .10 n = 27* 

30 1.45 + .09 n = 29 1.01 ± .13 n = 28* 

60 1.78 ± .14 n = 23 1.07 + .12 n = 25* 

180 2.14 ± .22 n = 12 1.59 + .29 n = 17 

•s 
Significance (tested at .01 level) between ALD and PLD response. 
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Figure 14. Peak to control velocity ratios for ALD and PLD muscle capillaries following different 
occlusion lengths. 

The mean values, standard errors, and number of capillaries for each occlusion duration are given in 
Table 2. There were no significant differences (tested at .05 level) between the two muscles at each 
occlusion length. 
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Table 2. Peak to control velocity ratios for ALD and PLD muscle capil
laries at normal temperature. 

Values represent mean ± standard error, (n) is the number of individual 
capillaries. Data not included from two frequency modulated capillaries 
--experiments 1-21-74 (PLD-8) and 5-24-74 (PLD-31). 

Occlusion 
Duration 
(seconds) Peak to 

ALD 
Control Ratio Peak to 

PLD 
Control Ratio 

3-1/2 1.71 + .12 n = 15 1.53 ± .18 n = 9 

7 2.54 + .20 n = 49 2.12 .18 n = 26 

15 2.95 + .30 n = 42 2.72 ± .29 n = 27 

30 2.69 + .22 n = 29 3.09 + .31 n = 28 

60 3.51 + .27 n = 23 3.44 ± .34 n = 25 

180 4.40 + .66 n = 12 4.49 ± .45 n = 17 
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Figure 15, Duration of reactive hyperemia in ALD and PLD muscle capillaries following different 
occlusion lengths. 

The mean values, standard errors, and number of capillaries for each occlusion length are given in 
Table 3. There were no significant differences (tested at .05 level) between the two muscles at each 
occlusion length. 
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Table 3. Reactive hyperemia response durations for ALD and PLD muscle 
capillaries at normal temperature. 

Values represent mean ± standard error, (n) is the number of individual 
capillaries. 

Occlusion ALD PLD 
Duration Response Duration Response Duration 
(seconds) (seconds) (seconds) 

3-1/2 7.33 + 1.67 n = 15 10.57 + 3.86 n = 7 

7 17.91 + 1.78 n = 47 13.76 + 2.12 n = 25 

15 30.07 i 2.82 n = 44 27.82 i 4.22 n = 27 

30 57.44 + 9.29 n = 24 44.82 + 6.75 n = 28 

60 106.27 i 10.51 n = 26 97.72 ± 15.33 n = 25 

180 169.43 i 21.08 n = 14 159.33 ± 20.81 n = 15 
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Figure 16. Reactive hyperemia excess flow in ALD and PLD muscle capillaries following different 
occlusion lengths. 

The mean values, standard errors, number of capillaries, and statistical significance for each occlu
sion duration are given in Table 4. 
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Table 4. Reactive hyperemia excess flows for ALD and PLD capillaries 
at normal temperature. 

Values represent mean ± standard error, (n) is the number of individual 
capillaries. 

Occlusion ALD PLD 
Duration Excess Flow (mm) Excess Flow (mm) 

3-1/2 0.06 ± 1.78 n = 14 1.72 ± 0.68 n = 9 

7 3.16 ± 1.22 n = 45 2.76 + 0.42 n = 26 

15 9.85 + 2.06 n = 39 4.33 + 0.98 n = 29* 

30 23.10 ± 3.19 n = 26 12.48 ± 2.28 n = 30* 

60 61.47 ± 7.52 n = 23 27.77 + 3.82 n = 27* 

180 139.48 ± 19.86 n = 11 63.26 9.77 n = 17* 

"X ~~— 

Significance (tested at the .05 level) between ALD and PLD response. 
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Figure 17. Percent flow debt repayment in ALD and PLD muscle capillaries following different occlu
sion lengths. 

The mean values, standard errors, and number of capillaries for each occlusion length are given in 
Table 5. There were no significant differences (tested at .05 level) between the two muscles at each 
occlusion length. 
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Table 5. Reactive hyperemia percent flow debt repayment for ALD and PLD 
muscle capillaries at normal temperature. 

Values represent mean ± standard error, (n) is the number of individual 
capillaries. 

Occlusion 
Duration 
(seconds) 

ALD 
Flow Debt Repayment (%) 

PLD 
Flow Debt Repayment (%) 

3-1/2 60.5 ± 47.8 n = 14 136.9 + 43.5 " n = 9 

7 110.2 ± 30.2 n = 45 122.8 ± 19.9 n = 26 

15 172.8 ± 37.8 n = 40 101.0 ± 24.4 n = 29 

30 163.3 ± 37.1 n = 26 129.7 ± 28.9 n = 30 

60 188.7 ± 20.5 n = 23 154.4 ± 32.6 n = 27 

180 170.6 ± 28.7 n = 11 119.8 ± 25.0 n = 17 
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respectively. In order to more critically analyze these data, the t-

test for paired observations was applied to 29 ALD capillaries in which 

both 7 and 15 second occlusions were performed. The capillaries in 

which paired observations were made showed a mean pealc velocity value 

of 1.26 and 1.46 mm/second following 7 and 15 second occlusions, respec

tively. The t-test showed that the difference between the means was 

significant (p < .05). Paired observations at 15 and 30 seconds were 

made in 21 ALD capillaries. The mean peak velocity values were 1.28 and 

1.37 mm/second, respectively. However, there was no significant dif

ference between these means as determined by the paired t-test. 

In the PLD, increasing the occlusion length from 30 to 60 

seconds caused only a small increase in peak velocity as shown in Figure 

13. Paired analysis of 22 PLD capillaries in which both occlusions were 

performed showed a mean increase in peak velocity of 0.12 mm/second. 

However, this mean difference in peak velocity between the two occlusion 

lengths was not significant since 8 of the 22 capillaries showed no 

change or a decrease in peak velocity following the longer occlusion 

length. 

It is evident from Figure 13 that the ALD peak velocity response 

is greater than the PLD response at all occlusion lengths. The differ

ence is quite significant at 7 seconds (p < .001), 15 seconds (p < .01), 

30 seconds (p < .01), and 60 seconds (p < .001). However, there is no 

significant difference between the mean values for the two muscles at 

3-1/2 seconds and 180 seconds. 

It was reasoned that the greater peak velocity response in the 

ALD may be related to its higher control velocity. A higher control 
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velocity would result in a greater flow debt during a given period of 

occlusion, and according to the metabolic hypothesis, a greater degree 

of vasodilation. Therefore, the peak velocity data for each capillary 

was normalized to its control velocity by calculating the peak to con

trol velocity ratio. The summed data for all capillaries is given in 

Table 2 and shown in Figure 14. These data reveal that there is no 

significant difference between the two muscles when the peak velocity 

is normalized to the differences in control velocity. Figure 14 also 

shows that the peak to control velocity ratio increases from about 1.6 

following 3-1/2 seconds of ischemia to about 4.4 after 180 seconds of 

occlusion. 

Increasing the occlusion length increased the duration of reac

tive hyperemia in both muscles (Figure 15). The only exception to this 

trend was the PLD muscle between 3-1/2 and 7 seconds of occlusion 

length. Analysis of paired observations in 6 PLD capillaries showed 

that the mean increase in reactive hyperemia duration between 3-1/2 and 

7 second occlusions was not significant. With occlusions of 15 seconds 

or less, the reactive hyperemia duration was generally 2 to 3 times 

longer than the occlusion duration. The ratio of reactive hyperemia 

duration to occlusion duration decreased to a value of about 0.9 follow

ing the 180 second occlusions. It is also important to note that there 

was no significant difference between the mean ALD and PLD response 

durations at each occlusion duration studied. 

An examination of reactive hyperemia excess flow as a function 

of occlusion duration is considered by some investigators to be an in

direct test for differentiating between metabolic and myogenic control 
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mechanisms. According to the metabolic hypothesis, excess flow should 

increase as a function of occlusion length. The relationship between 

excess flow and occlusion duration for the ALD and PLD muscles is shown 

in Figure 16. Two things are readily apparent from this figure: CI) 

excess flow in both muscles increased with increasing occlusion dura

tion, and (2) following occlusions of 15 seconds and longer, the ALD 

showed significantly greater excess flow than the PLD muscle. 

Figure 16 clearly indicates that excess flow increases with 

longer occlusion lengths. The data are less clear between 3-1/2 and 7 

second occlusions owing to the small sample size following 3-1/2 second 

occlusions and the large variability of the responses at these two 

occlusion lengths. For these reasons, a separate statistical analysis 

was done on 14 ALD capillaries in which both 3-1/2 and 7 second occlu

sions were performed. The paired t-test showed that the increase in 

the mean excess flow between 3-1/2 and 7 seconds was not significant. 

Four of the 14 capillaries showed a decrease in excess flow following 

the 7 second occlusion. 

No significant difference in the mean excess flow values existed 

between the two muscles following occlusions of 3-1/2 or 7 seconds in 

length. There was a large variability in excess flow response following 

these short occlusions. The mean (± SD) excess flow for the ALD follow

ing 3-1/2 and 7 seconds of occlusion was 0.06 ± 6.7 and 3.2 ± 8.2 mm, 

respectively. Following 3-1/2 and 7 second occlusions, the mean (± SD) 

excess flow response for the PLD was 1.7 ± 2.0 and 2.8 ± 2.1, respec

tively. This large variability was due in part to a negative excess 

flow that occurred in several ALD and PLD capillaries following short 
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occlusions. Figure 11 is an example of an ALD capillary which showed 

a negative excess flow of 15.8 mm following a 7 second occlusion. 

Seventeen percent of the ALD capillaries showed a negative excess flow 

following 7 second occlusions, 13% following 15 second occlusions, and 

141 following 3-1/2 second occlusions. Negative excess flow was found 

in 10% of the PLD capillaries following 15 second occlusions. However, 

all capillaries in both muscles showed a positive excess flow following 

occlusions of 30 seconds and longer. 

The ALD exhibited a mean excess flow which was significantly 

greater than the PLD response following occlusions of 15 seconds in 

length or greater. The mean ALD response was from 1.7 to 2.3 times 

greater than the PLD response at these occlusion lengths. 

The excess flow data showed that the ALD reactive hyperemia re

sponse was significantly greater than the PLD response. However, when 

the excess flow values of individual capillaries were first normalized 

to their control velocities by calculating the percent flow debt repay

ment and then summed together to get a mean percent flow debt repayment 

at each occlusion length, no significant differences were found between 

the red and white muscles. These data are given in Table 5 and 

illustrated in Figure 17. 

If a weighted average of the two means is taken at each occlu

sion duration, thereby treating the two muscle responses as being the 

same, the percent flow debt repayment is 92%, 115%, 143%, 145%, 170%, 

and 140% at occlusion durations of 3-1/2, 7, 15, 30, 60, and 180 

seconds, respectively. The low value for the combined muscle percent 

flow debt repayment at 3-1/2 seconds is due to a very low mean ALD 
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percent flow debt repayment at that occlusion length. Two of the 14 

AID capillaries showed negative percent flow debt repayments--one of 

which was a negative 491%. 

From Figure 17, it is evident that the percent flow debt repay

ment is independent of occlusion length except for the ALD between 3-1/2 

and 15 second occlusions. Paired analysis of percent flow debt repay

ments for the ALD capillaries at 3-1/2 and 7 seconds shows that the 

difference between the mean values for 14 capillaries is not signifi

cant. However, paired observations from 27 ALD capillaries show a sig

nificant difference (p < 0.05) of 70% between the 7 and 15 second 

occlusions. Therefore, unlike the PLD, the ALD shows a significant 

increase in percent flow debt repayment between occlusion durations of 

3-1/2 and 15 seconds. 

The percent flow debt repayment data indicate that there is a 

great variability in the repayment of the flow debt at each occlusion 

duration as measured in different capillaries. Furthermore, the data 

indicate that the percent flow debt repayment remains fairly constant 

between occlusions of 15 and 180 seconds in length averaging about 

150%. 

Previous investigations on gross flow preparations (Abramson et 

al., 1941; Bache and Ederstrom, 1965; Tominaga, Watanabe, and Nakamura, 

1973) have suggested that the percent flow debt repayment may be in

versely related to the control blood flow. Figure 18 is a plot of the 

percent flow debt repayment against capillary control velocity following 

60 second occlusions in both muscles. In the analysis, the highest and 

lowest percent flow debt repayment value for each muscle was not 
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Figure 18. Percent flow debt repayment as a function of capillary control velocity following 60 
second occlusions. 

The linear regressions for the 21 AID and 25 PLD capillaries are Y = -1.9 ± 79.2X + 190.3 ±49.8 and 
Y = -71.7 ± 75.OX + 155.2 ± 30.7, respectively. The correlation coefficients for the ALD and PLD 
capillaries were -0.23 and -0.20, respectively. These correlations are not significant at the .05 
level. 
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included. A linear regression analysis was performed using the least 

squares method and a correlation coefficient calculated. The correla

tion coefficients for the ALD and PLD data are -0.23 and -0.20, respec

tively. Neither r-value is significant at the .05 level. Therefore, 

no significant correlation exists between percent flow debt repayment 

and control velocity in either muscle. 

Gross flow investigations have also suggested (Blair et al., 

1959) that there is an inverse relationship between the magnitude of re

active hyperemia peak flow and reactive hyperemia duration. The 60 

second responses from both muscle types were examined to see if a cor

relation existed between reactive hyperemia duration and the peak to 

control velocity ratio. A linear regression analysis gave an equation 

of Y = -16.5 ± 21.7X + 168.3 ± 77.3 for the ALD (r = -0.3402; n = 22) 

and Y = -2.5 ± 5.8X + 95.4 ± 22.6 for the PLD (r = -0.0991; n = 23). 

The correlation coefficient was not significant for either muscle. 

There is also the suggestion in the literature (Yonce, 1962) 

that the reactive hyperemia duration is inversely related to the control 

flow. However, when the 60 second responses in both muscles were ex

amined in the present study, no significant correlation was found be

tween reactive hyperemia duration and control velocity. A linear 

regression analysis gave an equation of Y = 72.2 ± 39.IX + 66.9 ± 24.6 

for the ALD (r = 0.359; n = 25) and Y = 11.6 ± 48.OX + 76.7 ± 19.2 for 

the PLD (r = 0.053; n = 23). 
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Summed Reactive Hyperemia Profiles 

The individual reactive hyperemia velocity profiles following 

60 second occlusions were digitized for 23 ALD and 23 PLD capillaries. 

Hie individual capillary profiles were summed together and a mean ± 

standard error profile plotted by the computer. The summed reactive 

hyperemia velocity profiles for the ALD and PLD muscle capillaries are 

shown in Figure 19. The summed velocity profiles are very similar 

except that the absolute magnitude of the ALD velocity profile is sig

nificantly greater than the PLD profile throughout the entire response. 

The ALD profile also shows a prolongation of the peak velocity. The 

velocity profiles then were normalized to the differences in capillary 

control velocity. This was achieved by summing and averaging the in

dividual capillary profiles after each one had been normalized to its 

own control velocity. The computer plots of the normalized reactive 

hyperemia profiles are also shown in Figure 19. There is no significant 

difference between the normalized ALD and PLD response profiles at each 

point in time. Finally, the reactive hyperemia velocity profiles were 

plotted as the natural logarithm of the velocity as a function of time. 

This is also shown in Figure 19. This analysis shows that the disap

pearance of the reactive hyperemia response is not a simple exponential 

function. Furthermore, there are no discernible differences in the 

disappearance rates of the two muscles except possibly within the first 

30 seconds after the release of the occlusion. 



Figure 19. Summed capillary reactive hyperemia profiles following 60 
second occlusions at normal tissue temperature. 

The upper tracings are the summed reactive hyperemia velocity profiles 
from 23 ALD and 23 PLD capillaries following 60 seconds of ischemia. 
The mean ± S.E. is shown. The profiles are significantly different 
(tested at .05 level) throughout entire response. The middle tracings 
are the summed reactive hyperemia profiles normalized to the control 
velocities of each individual capillary. There is no significant dif
ference between the two profiles. The lower tracings a.re plots of the 
natural logarithm of the velocity as a function of time. The logarithm 
of the mean ± S.E. is given. 
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Summary of Normal Temperature Results 

Capillary control red cell velocities and reactive hyperemia 

responses were recorded from 68 ALD and 39 PLD capillaries in which the 

muscle temperatures were maintained at 40 ± 1°C. The following points 

summarize these data. 

1. Capillaries from both muscle types displayed steady, irregular, 

periodic, and periodic on-off control velocity patterns. There 

was a greater tendency for periodic control flow in the white 

PLD muscle. 

2. The mean capillary red cell control velocity was significantly 

higher in the ALD muscle than in the PLD muscle. 

3. Both muscle types showed similar reactive hyperemia patterns 

including undershoot and on-off type responses. Frequency as 

well as amplitude modulation of the reactive hyperemia response 

was observed. 

4. Capillaries in both muscle types generally showed increases in 

reactive hyperemia peak velocity, peak to control velocity 

ratio, response duration, and excess flow with increasing occlu

sion lengths. 

5. The reactive hyperemia duration following 60 second occlusions 

was independent of control velocity and peak reactive hyperemia 

velocity and the percent flow debt repayment was independent of 

control velocity. 

6. Capillaries from the ALD muscle generally showed significantly 

greater peak velocity and excess values than PLD capillaries. 

However, normalization of the peak velocity and excess flow data 
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to capillary control velocity (peak to control velocity ratio 

and percent flow debt repayment) showed that there were no 

significant differences in the responses of the two muscle 

types. Furthermore, there were no significant differences in 

reactive hyperemia duration in the two muscles at each occlusion 

length studied. 

7. Summation of individual capillary reactive hyperemia velocity 

profiles following 60 second occlusions showed that there were 

no significant differences in ALD and PLD mean capillary re

sponse profiles when normalized to the differences in control 

velocity. 

Reduced Temperature Study 

Tissue metabolism and resting blood flow are decreased when the 

temperature of the tissue is lowered (Freeman, 1935). Furthermore, it 

has been demonstrated by several investigators previously cited that 

reactive hyperemia responses following ischemia are diminished in mag

nitude at reduced tissue temperature.1 Therefore, it has been suggested 

(Bache and Ederstrom, 1965) that the factors responsible for the vaso

dilation that occurs during ischemia are thermolabile. These thermo-

labile factors are also thought to be linked to the tissue metabolism. 

The normal temperature study demonstrated that the vasculatures 

of red and white muscle respond similarly following ischemia. The re

duced temperature study was undertaken to compare the effects of 

temperature reduction on reactive hyperemia responses in red and white 

muscle in order to determine if the vascular control mechanisms of the 
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two muscle types have similar or dissimilar sensitivities to tempera

ture reduction. 

Eleven chickens were used in the reduced temperature study. Of 

these, reactive hyperemia data were obtained in one or both muscles from 

9 animals. Reactive hyperemia was observed in 33 ALD capillaries in 8 

chickens and in 21 PLD capillaries in 5 chickens. Reactive hyperemia 

patterns were recorded from both muscles in 4 chickens. 

In the reduced temperature experiments, reactive hyperemia was 

studied following 15 and 60 second occlusions. Reactive hyperemia data 

from both occlusion lengths were obtained in 25 of the 33 ALD capil

laries and in all 21 of the PLD capillaries. 

Capillary Control Flow 

Capillary control flow patterns were characterized as being 

either steady or irregular. Unlike the normal temperature study, no 

capillaries in either muscle showed periodic or periodic on-off type 

behavior. Seventy percent of the ALD capillaries and 90% of the PLD 

capillaries displayed the irregular type of control flow. The remaining 

capillaries showed a steady control flow. 

The mean capillary red cell control velocity was significantly 

reduced in both muscles at the lower temperature. The mean (± SD) 

capillary control velocity for 33 ALD capillaries was 0.42 ± 0.2 mm/ 

second. The mean (± SD) capillary velocity for 21 PLD capillaries was 

0.20 ± 0.1 mm/second. The mean ALD capillary velocity was significantly 

greater (p < .001) than the mean PLD capillary velocity. Shown in 

Figure 20 is a frequency distribution of control velocities in both 



Figure 20. Frequency distributions of control capillary red cell 
velocities in the PLD and ALD muscles at reduced temperature. 

The upper histogram shows the distribution of control red cell veloci
ties in 21 PLD capillaries at reduced temperature (30°C). The mean ± 
S.E. PLD capillary control velocity was 0.20 ± .02 mm/second. The lower 
histogram shows the distribution of control velocities in 33 ALD capil
laries. The mean ± S.E. control velocity was 0.42 ± .04 mm/second. The 
differences in control velocities were highly significant (p < .001). 
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muscles at the reduced temperature. A comparison of this figure with 

Figure 3 shows that the range of control velocities is decreased in 

both muscles at the lower temperature. However, the range of the ALD 

capillary velocities is still greater than the PLD range with 33% of 

the ALD capillaries having control velocities greater than that found in 

any PLD capillaries. 

Reactive Hyperemia Response Patterns 

Reactive hyperemia was present in both muscles following occlu

sions of 15 and 60 seconds in length. Figures 21 and 22 show represen

tative reactive hyperemia responses from the ALD and PLD muscles, 

respectively. Increasing the period of occlusion from 15 to 60 seconds 

resulted in an increase in peak velocity, reactive hyperemia duration, 

and excess flow. 

There was a greater tendency at the reduced temperature for the 

PLD reactive hyperemia response to display an undershoot. Four of the 

5 PLD muscles studied showed the undershoot phenomenon in at least one 

capillary compared to 5 of the 13 PLD muscles studied at normal tempera

ture. Forty-three percent of the PLD capillaries showed an undershoot 

following 15 second occlusions compared to 13% at normal temperature. 

Furthermore, the undershoot behavior was almost as prevalent following 

60 second occlusions with 381 of the PLD capillaries showing an under

shoot. At normal temperatures, only 4% of the PLD capillaries showed 

an undershoot following 60 second occlusions. Figure 23 is from a PLD 

capillary in which occlusions of several different lengths were 
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Figure 21. Reactive hyperemia responses in a typical ALD muscle capillary at reduced tissue 
temperature. 

This recording is from capillary ALD-1 of experiment 9-4-74.  ̂
i—• 
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Figure 22. Reactive hyperemia responses in a typical PLD muscle capillary at reduced tissue 
temperature. 

This recording is from capillary PLD-20 of experiment 8-29-74. 
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Figure 23. A PLD capillary showing undershoot responses following short and long occlusions at 
reduced temperature. 

This recording is from capillary PLD-20 of experiment 8-28-74. 
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performed. Notice than an undershoot is present following all occlusion 

lengths in this particular capillary. 

The undershoot response was also seen in 3 of the 8 ALD muscles 

studied. At normal temperatures, 7 of the 27 ALD muscles showed this 

type response. Nineteen percent of the ALD capillaries displayed an 

undershoot following 15 second occlusions and 8% of the capillaries 

showed an undershoot in response to 60 second occlusions compared to 11% 

and 4%, respectively, at normal temperatures. 

Quantitation of Reactive Hyperemia Responses 

The data for the reactive hyperemia responses of individual 

capillaries at reduced temperature are given in Appendix B. The summed 

response data for all the capillaries with appropriate statistical anal

yses are given in Table 6. These reduced temperature data were compared 

to the data derived from the normal temperature study and plotted as 

shown in Figures 24 through 28. 

At the lower temperature, both ALD and PLD muscles showed an in

crease in peak reactive hyperemia velocity when the occlusion duration 

was increased from 15 to 60 seconds (Figure 24). However, the absolute 

magnitude of the peak velocity was decreased 14% and 18% in the ALD and 

50% and 40% in the PLD following 15 and 60 second occlusions at the 

lower temperature. This decrease in peak velocity was highly signifi

cant following both occlusion durations in the PLD, but not significant 

in the ALD. Similar to the normal temperature results, the magnitude 

of the ALD peak velocity response was significantly greater (p < .001) 



Table 6. Summed capillary response data at reduced temperature. 

Values are means ± standard error. 

Response 
Parameter 

Occlusion 
Length 
(seconds) 

ALD 
Muscle 

PLD 
Muscle 

Peak Velocity 15 1.16 + .12 n 32 0.43 + .05 n _ 21* 
(mm/second) 60 1.46 + .13 n = 26 0.64 + .07 n — 21* 

Peak to Control 15 2.84 ± .23 n 
= 
32 2.14 + .13 n 

= 
21* 

Velocity Ratio 60 4.31 + .44 n 
= 
26 3.33 + .24 n 21 

Response Duration 15 22.25 ± 2.89 n 
= 
32 27.30 + 5.34 n = 20 

(seconds) 60 51.52 + 5.62 n = 25 55.48 + 7.68 n 
= 
21 

Excess Flow (mm) 15 6.29 ± 1.01 n = 32 2.07 + .45 n = 21* 
60 17.79 + 2.52 n 

= 
26 8.18 + 1.55 n = 21* 

Flow Debt Repay 15 112.38 + 20.58 n 
= 
32 79.24 + 18.79 n 

= 
21 

ment (1) 60 92.54 + 15.84 n = 26 79.71 + 12.26 n = 21 

•35 

Significance (tested at .05 level) between ALD and PLD response. 



Figure 24. Comparison of reactive hyperemia peak velocities at normal and reduced temperatures fol
lowing 15 and 60 second occlusion durations. 

The mean values ± S.E. for the ALD and PLD responses at normal temperature (40°C) are from Table 1. 
The reduced temperature (30°C) data are from Table 6. C40 and C30 represent the control velocities 
at normal and reduced temperatures, respectively. The reductions in AID peak velocity at 30°C are not 
significant. However, the reduction in peak velocity in the PLD following both occlusion lengths is 
significant (tested at .01 level). Vertical bars represent standard error. 
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Figure 24. Comparison of reactive hyperemia peak velocities at normal and reduced temperatures fol
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Figure 25. Comparison of reactive hyperemia peak to control velocity ratios at normal and reduced 
temperatures following 15 and 60 second occlusion durations. 

The mean values ± S.E. for the ALD and PLD responses at normal temperature are from Table 2. The re
duced temperature data are from Table 6. Temperature reduction produced no significant change in the 
peak to control velocity ratios in either muscle following 15 and 60 second occlusions (significance 
tested at .05 level). 
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Figure 26., Comparison of reactive hyperemia response duration at normal and reduced temperatures 
following 15 and 60 second occlusion lengths. 

The mean values ± S.E. for the normal temperature responses are from Table 3. The reduced temperature 
data are from Table 6. Neither muscle showed a significant change in reactive hyperemia duration at 
reduced temperature. However, the lower temperature significantly decreased the response duration in 
both muscles following 60 second occlusions (significance tested at .05 level). 
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Figure 27. Comparison of reactive hyperemia excess flow at nonrial and reduced temperatures following 
15 and 60 second occlusion lengths. 

The mean values ± S.E. for the normal temperature data are from Table 4. The reduced temperature data 
are from Table 6. Both muscles showed reductions in excess flow following 15 and 60 second occlusions 
at the lower temperature. The reductions were significant (tested at .05 level) except for the ALD 
following 15 second occlusions. 
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Figure 28. Comparison of percent flow debt repayment at normal and reduced temperatures following 15 
and 60 second occlusion lengths. 

The mean values ± S.E. for the normal temperature data are from Table 5. The reduced temperature data 
are from Table 6. The reductions in percent flow debt repayment were only significant following 60 
second occlusions (tested at .05 level). 
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than the PLD peak velocity response following both 15 and 60 second 

occlusions. 

A comparison of the peak to control velocity ratio at both 

temperatures following 15 and 60 second occlusions in the ALD and PLD 

muscles is shown in Figure 25. Similar to the findings at normal tem

perature, the peak to control velocity ratio increases at the longer 

occlusion durations in both muscles. However, the decreased temperature 

produced no significant change in the peak to control velocity ratio in 

either muscle. On the other hand, a comparison of the mean peak to con

trol ratios for the two muscles at the reduced temperature reveals that 

the ALD value is significantly greater (p < .05) following 15 second 

occlusions. The difference between the ALD and PLD peak to control 

ratios following 60 second occlusions at reduced temperature is not sig

nificant. 

The duration of reactive hyperemia responses in both muscles 

was decreased at the lower temperature (Figure 26). The decrease in 

response duration (26% in ALD; 2% in PLD) was not significant in either 

muscle following occlusions of 15 seconds in length. However, following 

the longer 60 second occlusions, the reactive hyperemia duration was 

significantly reduced in the ALD (decreased 52%; p < .001) and PLD (de

creased 43%; p < .05). Similar to the normal temperature results, there 

was no significant difference in the response duration between the ALD 

and PLD muscles at the reduced temperature. 

Increasing the occlusion length from 15 to 60 seconds increased 

the reactive hyperemia excess flow in both muscles (Figure 27). How

ever, the absolute magnitude of the excess flow was reduced at the lower 
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temperature. Following 15 second occlusions, the 361 reduction in mean 

ALD excess flow at the lower temperature was not significant. However, 

the mean excess flow was significantly reduced 71% (p < .001) following 

60 seconds of ischemia in the ALD. The PLD excess flow significantly 

decreased by 52% (p < .05) and 71% (p < .001) following 15 and 60 second 

occlusion lengths, respectively. Similar to the normal findings, the 

absolute magnitude of excess flow in the ALD was significantly greater 

than the PLD response following both 15 and 60 second occlusions. In 

fact, following 60 second occlusions, the excess flow in the ALD was 

about 2.2 times greater than the PLD excess flow at both normal and 

reduced temperatures. 

The effects of temperature reduction on ALD and PLD percent flow 

debt repayment is shown in Figure 28. The mean percent flow debt repay

ment was decreased in both muscles at the lower temperature. However, 

the decreases were not statistically significant in either muscle fol

lowing 15 second occlusions. Following 60 second occlusions, the de

crease in percent flow debt repayment was significant in both the ALD 

(p < .001) and PLD (p < .05) muscles. The decrease was large enough in 

both muscles to result in an underpayment of the flow debt following 60 

second occlusions. Furthermore, there was no significant difference in 

the percent flow debt repayment between the two muscles at either occlu

sion length. This last finding is consistent with the normal tempera

ture results. 
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Summed Reactive Hyperemia Profiles 

The individual reactive hyperemia profiles following 60 second 

occlusions from 25 ALD and 21 PLD capillaries were digitized, summed 

together, and plotted as a mean ± standard error profile by computer as 

shown in Figure 29. Three different plots were made. The upper pro

files in Figure 29 are the mean velocities ± S.E. as a function of time 

for both muscles. Throughout the entire response, the magnitude of the 

ALD velocity profile is significantly greater than the PLD profile. 

The individual capillary profiles were also normalized to their own con

trol velocity. These normalized profiles were then summed and averaged 

and plotted as shown in the middle portion of Figure 29. In agreement 

with the data given in Table 6 there is no significant difference in 

the peak ratios for the two muscles. However, from 5 seconds to 25 

seconds after occlusion release, the PLD normalized velocity is signifi

cantly less than (p < .05) the ALD response. This is different from 

what was observed under normal temperature conditions (compare Figure 

19). One factor contributing to this was the increased occurrence of 

the undershoot phenomenon in the PLD following 60 second occlusions at 

reduced temperature. The percent of PLD capillaries showing this type 

of response pattern increased from 4% at normal temperature to 38% at 

reduced temperature compared to an increase from 41 to 8% in the ALD 

muscle. When the normalized velocity data were re-plotted without in

cluding the capillaries having an undershoot profile the difference 

between the response profiles of the two muscles was much less. There 

was still no significant difference (p < .05) between the peak ratios 

and the only significant difference was between 5 and 10 seconds after 



Figure 29. Summed capillary reactive hyperemia profiles following 60 
second occlusions at reduced tissue temperature. 

The upper tracings are the summed reactive hyperemia velocity profiles 
from 25 ALD and 21 PLD capillaries following 60 seconds of ischemia at 
reduced tissue temperature. The mean ± S.E. is shown. The profiles are 
significantly different (tested at .05 level) throughout entire re
sponse. The middle tracings are the summed reactive hyperemia profiles 
normalized to the control velocities of each individual .capillary. 
There is no significant difference in the peak ratios. However, during 
the first 24 seconds of response following the peaks there is a signifi
cant difference. From 24 to 120 seconds of response time there is no 
significant difference (tested at .05 level). The lower tracings are 
the natural logarithm of the velocity as a function of time. The 
logarithm of the mean ± S.E. is given. 
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second occlusions at reduced tissue temperature. 
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occlusion release. Finally, the natural logarithm of the velocity as 

a function of tijne was plotted. The plots show that the disappearance 

of the reactive hyperemia responses is not a simple exponential func

tion. Furthermore, there appears to be no difference in the hyperemia 

disappearance rates for the two muscles. 

Summary of Reduced Temperature Results 

The following points summarize the effect of temperature reduc

tion on capillary control velocity and reactive hyperemia responses. 

1. The mean capillary red cell control velocity was significantly 

reduced at the lower tissue temperature. 

2. There was an increased occurrence of the undershoot phenomenon 

following both short and long occlusions in both muscles. 

3. Reactive hyperemia peak velocity, duration, and excess flow in

creased when the occlusion lengths were increased from 15 to 60 

seconds. 

4. The peak reactive hyperemia velocity, response duration, excess 

flow, and percent flow debt repayment were reduced in both 

muscles at the lower temperature. 

5. Temperature reduction had similar effects on reactive hyperemia 

in both muscles. Similar to the normal temperature results, 

there were no significant differences between the two muscles 

in their peak to control velocity ratios (following 60 second 

occlusions), response durations, and percent flow debt 

repayments. 
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Except for a greater rate of flow decrease over a short portion 

of the PLD mean capillary response profile (normalized to con

trol velocities), there were no significant differences between 

the two muscles in the summed response profiles following 60 

second occlusions. 



DISCUSSION 

General Observations 

The observations on the microvascular anatomy of the red ante

rior and white posterior latissimus dorsi muscles of the chicken are 

consistent with what has been observed in other skeletal muscle vascular 

beds. The microvascular anatomy of the white PLD muscle is similar to 

the cat tenuissimus (Eriksson and Myrhage, 1972), the rat cremaster 

(Smaje et al., 1970), and rat gastrocnemius (Gray, 1971) in that the 

capillaries are long and straight, and run parallel to the muscle 

fibers. Furthermore, as reported by Eriksson and Myrhage (1972) in the 

cat tenuissimus, the direction of blood flow in parallel capillaries is 

generally concurrent. It was also observed in the present study that 

concurrent flowing capillaries generally showed the same type of control 

flow pattern. This was particularly evident in periodic flowing capil

laries suggesting that the concurrent flowing capillaries come from the 

same parent arteriole. This was also noted in the tenuissimus muscle 

by Gross et al. (1974). 

The red anterior latissimus dorsi muscle differed considerably 

in microvascular anatomy from the white PLD muscle. As reported by 

Hudlicka (1969) for the chicken ALD and by Gray (1971) for the rat 

soleus muscle, the capillary density appeared to be much greater in the 

red ALD muscle. These observations seem to be in conflict with the 

recent study of Plyley and Groom (1975) who showed that there were no 

significant differences in capillary densities and capillary-to-fiber 

129 
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ratios in red and white muscle. However, the capillary density in the 

red ALD muscle may indeed be the same as in the white PLD muscle but may 

be overestimated with casual, visual observations because of the 

sinuous and tortuous path that the capillaries follow in the red muscle. 

There was no evidence to support the existence of precapillary 

sphincters in either muscle which would serve to regulate flow in indi

vidual capillaries. Indirect evidence against precapillary sphincter 

regulation of capillary flow was provided by the consistent observation 

that groups of capillaries (always flowing concurrently in the PLD) 

exhibited similar control flow behavior and reactive hyperemia re

sponses . 

Normal Temperature Study 

Control Flow Patterns 

Periodic capillary flow behavior appears to be a ubiquitous 

phenomenon common to many different microvascular beds. It has been 

observed in various skeletal muscle tissues (Burton and Johnson, 1972; 

Gentry and Johnson, 1972; Gross et al., 1974) as well as in mesentery 

(Chambers and Zweifach, 1944; Johnson and Wayland, 1967) and bat wing 

(Nicoll and Webb, 1955). In this study, periodic capillary flow be

havior was observed in both the red and white muscle. There was a 

greater tendency for periodic flow to be observed in the white PLD 

muscle. 

It is difficult to say from this study whether or not periodic 

flow is the norm for intact tissues. Periodic flow was seldom observed 

at the onset of an experiment, and appeared to develop after a few 
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hours. One may argue that the tissue became increasingly more stable 

and physiological after being on the stage a few hours and this led to 

the development of periodic flow. On the other hand, the development of 

periodicity may be related to deterioration of the muscle preparation. 

However, in support of the first argument, it was generally observed 

that preparations showed little reactive hyperemia when first examined 

and the ability of the vasculature to respond to ischemia was usually 

fully developed after the muscles had been on the stage for at least an 

hour. Furthermore, all capillaries having a periodic flow behavior 

showed good reactive hyperemia responses. 

The mean capillary control velocity in both muscle types was 

comparable to values reported for other skeletal muscle vascular beds 

(Smaje et al., 1970; Eriksson and Myrhage, 1972; Burton and Johnson, 

1972; Gentry and Johnson, 1972). The mean (± S.E.) control red cell 

velocity for the red ALD muscle was 0.56 ± 0.03 mm/second compared to 

0.33 ± 0.024 mm/second in the white PLD muscle. This difference is 

highly significant (p < .001). The range of capillary velocities as 

shown in Figure 10 is also quite similar to that reported by Burton and 

Johnson (1972) for the cat sartorius in which the mean capillary veloci

ty was 0.38 mm/second with the majority of capillary control velocities 

between 0.1 and 0.5 mm/second. Gentry and Johnson (1972) reported that 

the mean capillary control velocity in the frog pectoralis muscle was 

0.46 mm/second with most of the capillaries having control velocities 

between 0.1 and 0.7 mm/second. 



132 

Reactive Hyperemia Patterns 

Capillary reactive hyperemia patterns in both the red and white 

muscles were qualitatively similar to those reported for the frog 

pectoralis (Gentry and Johnson, 1972) and cat sartorius muscle (Burton 

and Johnson, 1972; Johnson, 1975). The majority of reactive hyperemia 

responses in both red and white muscles were similar to those shown in 

Figures 4 and 5. These responses would be classified as being Type 

III according to the convention of Burton and Johnson (1972). The on-

off undershoot responses as shown in Figures 11 and 12 are similar to 

the Type IV capillary responses reported by Burton and Johnson. Ten 

percent of the ALD capillaries and 12% of the PLD capillaries could be 

classified as Type IV in contrast to 37% of the sartorius muscle capil

laries. Unlike the Burton and Johnson study, the present study indi

cates that there is a continuum between Type III and Type IV capillary 

responses since 50% of the undershoot responses in both muscles were 

in-between these two types. Furthermore, Figures 11 and 12 show that 

the on-off undershoot response in a given capillary was dependent upon 

the duration of the occlusion. This has also been recently observed in 

the cat sartorius by Johnson (1975). In the present study, the on-off 

undershoot response was most often found following 7 and 15 second 

occlusions and only rarely found following longer occlusions. 

The presence of an undershoot phenomenon following short occlu

sions and the more typical reactive hyperemia response (Type III) 

following the longer occlusions might be explained by the involvement 

of two different mechanisms. In this case, the relative expression of 

the two mechanisms would depend upon the duration of ischemia. There is 
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some evidence from other investigations which may lend support to this 

proposition. The smooth muscle studies of Sparks (1964) and Peiper.et 

al. (1974) suggest the possible involvement of a myogenic quick stretch 

reaction upon restoration of perfusion pressure when the occlusion is 

released. According to this concept, a sudden restoration in pressure 

would result in a "quick stretch" of the arteriolar smooth muscle (in

crease in circumferential wall tension) thus providing a stimulus for a 

myogenically induced increase in active tension development and vasocon

striction. The undershoot may result from an underdamped, overreaction 

of the control mechanism to the sudden increase in intravascular pres

sure. This overreaction may be great enough to cause a temporary 

cessation of flow as observed in this study and by Burton and Johnson 

(1972). 

Honda et al. (1968, 1972) provided additional evidence to sup

port the possible involvement of a myogenic mechanism in the undershoot 

response. They observed an undershoot response in a whole kidney prepa

ration under both constant pressure and constant flow conditions. Fur

thermore, the magnitude of the response was dependent upon the 

preocclusion perfusion pressure and the duration of the occlusion. The 

greater the preocclusion pressure, the greater the undershoot, vasocon

strictor response. Similar to the findings in the present study, the 

undershoot response was abolished at the longer occlusion lengths. This 

was attributed to a dominance of metabolic control mechanisms following 

the longer periods of ischemia. 

Although the relative roles of myogenic and metabolic mechanisms 

were not critically evaluated in the present study, an interpretation of 
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the data in the light of other investigations suggest the possible 

involvement of myogenic mechanisms following short occlusions (3-1/2 to 

15 seconds) in some of the capillaries studied (19% of ALD and 23% of 

PLD capillaries). Occlusion lengths of 30 seconds and longer, with 

few exceptions, always resulted in what has generally been considered to 

be typical metabolic type responses. 

The present study has demonstrated that blood flow in individual 

capillaries may be modulated by changes in (1) flow amplitude, (2) fre

quency of flow periodicity, or (3) a combination of amplitude and fre

quency modulation. The majority of capillaries studied in both muscles 

showed an amplitude modulation of flow. This is the same type of flow 

modulation as shown in capillary recordings from the frog pectoralis 

(Gentry and Johnson, 1972) and cat sartorius muscle (Burton and Johnson, 

1972). The present study also showed that blood flow may be modulated 

in capillaries by changing the frequency of the flow periodicity without 

any changes in flow amplitude. This type of flow modulation during 

reactive hyperemia has not been previously described in the literature. 

Although pure frequency modulation was only observed in one PLD capil

lary, it nevertheless demonstrates an additional way by which flow can 

be modulated within the microcirculation. Furthermore, frequency modu

lation of flow was just as efficient as amplitude modulation in repaying 

the flow debt incurred during the occlusion period. In fact, following 

30 and 60 second occlusions, the capillary shown in Figure 9 had a per

cent flow debt repayment of 283% and 162%, respectively. One disadvan

tage of frequency modulation as far as the tissue is concerned is that 

the repayment of the flow debt takes considerably longer than the length 
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of time required when amplitude modulation of flow is present. Except 

for the one capillary shown in Figure 9, all capillaries with a periodic 

control flow displayed a combination of amplitude and frequency modula

tion of flow. Reactive hyperemia responses in different periodic 

capillaries appeared to display different degrees of amplitude and fre

quency modulation of flow. This continuum in response patterns is 

evident when Figures 8, 9, and 10 are compared. 

It may be possible to explain frequency modulation of flow based 

upon a combination of myogenic and metabolic mechanisms. The capillary 

periodicity most likely originates from arteriolar vasomotion. As sug

gested by Folkow (1964), arteriolar vasomotion may originate from an 

inherent myogenic activity. It is conceivable that this inherent myo

genic activity may be modulated by the metabolic environment surrounding 

the arteriole. Tissue hypoxia and accumulation of vasoactive metabo

lites may act upon the arteriole by affecting pacemaker sites in such a 

manner that a prolongation of the dilated stage of the vasomotion re

sults. If the arteriolar smooth muscle is affected such that there is 

also a decrease in active tension development during the dilated stage, 

then there would be changes in the amplitude as well as in the frequency 

of the flow through the capillaries. 

The observation that tissue blood flow may be modulated by 

changes in the frequency of arteriolar vasomotion is not compatible with 

the hypothesis that changes in tissue pressure are responsible for 

reactive hyperemia. The tissue pressure model proposed by Rodbard 

(1971) requires an amplitude modulation of flow. Frequency modulation 

of flow cannot be explained by Rodbard's model. 
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Quantitation of Reactive Hyperemia Responses 

In the present study, both the red and white muscles showed in

creases in peak reactive hyperemia velocity, reactive hyperemia dura

tion, and excess flow with increasing occlusion lengths. These data are 

generally quite consistent, qualitatively, with most of the published 

data on skeletal muscle reactive hyperemia measured at the gross flow 

level. There are also similarities as well as some distinct differences 

in comparison to the results of other investigators who have studied 

reactive hyperemia responses in the microcirculation. 

Both muscles showed reactive hyperemia responses following oc

clusions as short as 3-1/2 seconds in length. Reactive hyperemia fol

lowing similar short occlusions was observed by Lewis and Grant (1925) 

in the human forearm and by Folkow (1949) in the cat hindlimb and in 

the more recent work of Konradi and Levtov (1970) and Tominaga, Wata-

nabe, and Nakamura (1973). Reactive hyperemia following 5 second 

occlusions has been studied in individual capillaries of the cat sar-

torius by Johnson (1975). 

The mechanism responsible for reactive hyperemia following such 

short occlusions is unclear. Lewis and Grant (1925) and Tominaga, 

Suzuki, and Nakamura (1973) believed that metabolic mechanisms were 

involved in the genesis of reactive hyperemia following short occlu

sions. In support of this hypothesis, it was pointed out that the peak 

flow, excess flow, and response duration increase with increasing oc

clusion lengths. In contrast, Bayliss (1902) and Folkow (1949) did not 

believe that sufficient asphyxia occurred during short occlusions to 

account for the magnitude of the reactive hyperemia response. 
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Therefore, they rejected the involvement of metabolic mechanisms and 

suggested that myogenic mechanisms were responsible for the reactive 

hyperemia observed following short occlusions. Although not critically 

evaluated in their experiments, Konradi and Levtov (1970) and Johnson 

(1975) suggested that myogenic mechanisms were involved in the reactive 

hyperemia responses observed in their preparations. These workers 

found little or no change in excess flow with occlusions up to 30 sec

onds in length. They contend that the reactive hyperemia response fol

lowing short occlusions is only dependent upon the pressure fall during 

the occlusion. In the present study, the pressure fall was not mea

sured, therefore, the reactive hyperemia responses could not be corre

lated with the pressure fall during the occlusion in order to test the 

myogenic hypothesis. However, the pressure fall, and thus the stimulus 

for the myogenic mechanism, was probably somewhat less than the pressure 

drops reported by Konradi and Levtov (1970) and Johnson (1975). The 

reason is that the artery and vein were occluded simultaneously in the 

present study in contrast to arterial occlusions in the above two 

studies. An arterial-venous occlusion would tend to mask a myogenic 

mechanism by not providing as great a stimulus as arterial occlusions. 

The question of whether an adequate stimulus is present follow

ing 3-1/2 seconds of ischemia for a metabolic mechanism remains unan

swerable. According to the metabolic hypothesis, the resistance vessels 

dilate during the occlusion period in response to a fall in tissue pĈ  

and/or to an accumulation of vasoactive substances within the tissue. 

The fall in tissue pÔ  may directly act upon the vascular smooth muscle 

causing vasodilation or indirectly affect the vasculature through an 
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alteration in tissue metabolism. As previously mentioned, Bayliss 

(1902) and Folkow (1949) did not believe that sufficient asphyxia oc

curred during very short occlusions. However, the recent study by 

Thuning and Buerk (1972) using oxygen microelectrodes reveals that the 

fall in tissue pĈ  is relatively rapid in skeletal muscle. In the white 

gastrocnemius muscle of the cat the tissue pÔ  fell approximately 2 mmHg 

(control pÔ  = 15 mmHg) following 3-1/2 seconds of ischemia. Following 

7 and 15 seconds of occlusion the tissue pĈ  was 9 mmHg and 1 mmHg, 

respectively. The red soleus muscle showed a slower fall in pĈ . The 

time required for the tissue pĈ  to fall to one-half its control value 

was approximately 9 seconds for the gastrocnemius and 17 seconds for 

the soleus muscle. Therefore, there is a fall in tissue pÔ  following 

very short occlusions. However, it is questionable whether the brief 

and slight fall in tissue following 3-1/2 seconds of ischemia is 

adequate to elicit vasocilation due to either direct effects (appears 

most unlikely--Pittman and Duling, 1973; Duling, 1974) or indirect 

effects on the vasculature through an alteration in tissue metabolism. 

There still remains the possibility that an accumulation of vasoactive 

substances may occur in the tissue spaces surrounding the arterioles. 

For this reason, it is not possible to rule out the involvement of 

metabolic mechanisms following very short occlusions. 

The peak reactive hyperemia velocity is an index of the degree 

of vasodilation that occurs during the period of occlusion. Both mus

cles showed an increase in peak reactive hyperemia velocity with in

creasing occlusion lengths (see Figure 13). However, the ALD showed 

only a small change in peak velocity between 7 and 30 second occlusions. 
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Similarly, the PLD showed only a small change between 30 and 60 second 

occlusions. This finding is not inconsistent with a metabolic origin 

of the response. Based upon the reactive hyperemia duration and excess 

flow data, a metabolic mechanism indeed appears to be the dominant con

trolling mechanism. The degree of vasodilation does not necessarily need 

to be a simple linear or log function of the occlusion duration to be 

compatable with a metabolic mechanism. The different vessels making up 

the precapillary resistance may respond differently to a given period of 

ischemia. Indeed, it has been shown that different size arterioles re

spond differently to changes in oxygen levels (Duling, 1972; Hutchins, 

Bond, and Green, 1974). Therefore, the relationships shown in Figure 13 

between peak velocity and occlusion duration may reflect different size 

arterioles dilating in response to different degrees of tissue hypoxia. 

It is not possible to directly compare the absolute magnitude of 

the peak reactive hyperemia velocity values of the present study with 

the peak reactive hyperemia flow values of previous gross flow investi

gations. However, if the peak velocity values are normalized to the 

control velocity, then a comparison can be made with the gross flow 

studies assuming of course that the changes in capillary velocity of the 

present study are proportional to the changes in gross flow. The peak 

to control velocity ratios of the present study ranged from 1.6 follow

ing 3-1/2 seconds of ischemia to about 4.4 following 180 seconds of 

ischemia (see Results--Figure 14). These values are less than those ob

tained from human plethysmography studies (Lewis and Grant, 1925; 

Abramson et al., 1941; Dornhorst and Whelan, 1953; Patterson and Whelan, 

1955; Kontos and Patterson, 1964). In fact, the plethysmographic 
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studies often recorded peak to control flow ratios of over 10.0 follow

ing occlusions of 1 to 3 minutes in length. In contrast, the non-

plethysmographic studies on perfused animal limbs or isolated muscles 

showed ratios comparable (Montgomery et al., 1934; Folkow, 1949; Yonce, 

1962; Moore and Baker, 1971) or less than (Kontos et al., 1965; Konradi 

and Levtov, 1970; Johnson, 1975) those observed in the present study at 

the different occlusion lengths. 

There appears to be a marked difference in the peak to control 

flow ratios obtained from plethysmographic and non-plethysmographic 

studies. The reason for this difference is not clear. However, it may 

be related to the fact that the plethysmographic technique measures 

arterial inflow whereas the other techniques measure venous flow. Some 

support for this suggestion may be found in the study by Kontos et al. 

(1965) who measured both arterial inflow and venous outflow simulta

neously during reactive hyperemia. Although the total excess flow was 

the same, the venous outflow showed a time delay in the reactive hyper

emia response and a lower peak to control flow ratio than the arterial 

inflow curve. This may be explained by the capacitance nature of the 

venous system which would temporarily store some of the inflow blood and 

thereby attenuate the outflow peak. The capillary velocity measurements 

of the present study are more akin to the plethysmograph studies in that 

capillary velocity measurements are essentially an inflow measurement 

since the velocity is measured upstream from the venous capacitance 

system. This may partially explain the observation by Johnson (1975) 

that the capillary peak to control velocity ratio exceeded the venous 
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outflow peak to control ratio following occlusions up to 60 seconds in 

length in the cat sartorius muscle. 

This study has shown that the duration of the reactive hyperemia 

response in both muscle types increases with increasing occlusion 

length. These findings are consistent with the gross flow studies of 

Lewis and Grant (1925), Montgomery et al. (1934), Abramson et al. 

(1941), Follcow (1949), Patterson and Whelan (1955), and Kontos and 

Patterson (1964). In contrast, Yonce (1962) did not find the reactive 

hyperemia duration to increase. Furthermore, he believed that the dura

tion of reactive hyperemia was inversely related to the control flow 

rather than to occlusion length. However, the present study showed that 

no correlation existed between reactive hyperemia duration and control 

capillary velocity for both muscles following 60 second occlusions. 

The results of Konradi and Levtov (1970) also differ from the 

present study. They found no change in reactive hyperemia duration when 

occlusions were increased from 3 to 30 seconds. Occlusions of 1 to 16 

minutes did show an increase in reactive hyperemia duration. They sug

gested that a myogenic mechanism was the dominant regulating mechanism 

at the shorter occlusion lengths and that metabolic mechanisms played 

an increasingly more important role following the longer occlusions. In 

contrast, the results of the present study indicate that metabolic 

mechanisms played a dominant role at all occlusion lengths. This is 

supported by the observation that both muscles showed an increase in 

response duration with increasing occlusion lengths. 

The mean response durations at each occlusion length (see 

Results--Figure 15) are considerably longer than the values found in 
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human plethysmographic studies (Abramson et al., 1941; Dornhorst and 

Whelan, 1953; Patterson and Whelan, 1955; Kontos and Patterson, 1964). 

Reactive hyperemia responses in plethysmographic studies are charac

terized by having very high peak flows of short duration. The length 

of the reactive hyperemia response is almost always less than the length 

of the occlusion. In contrast, the mean response durations of the pres

ent study were greater than the occlusion durations following occlusions 

up to 60 seconds in length. The mean response duration was less than 

the occlusion duration only following 3 minute occlusions. 

A study by Blair et al. (1959) suggested that the duration of 

reactive hyperemia is inversely related to the peak reactive hyperemia 

flow. In other words, the advantage of high flow rates during reactive 

hyperemia is that the repayment of the flow debt can occur in less time. 

However, in the present study there was no relationship between maximal 

flow rate and reactive hyperemia duration. This relationship was tested 

by taking the response data for the 60 second occlusions from both 

muscles and determining whether a correlation existed when reactive 

hyperemia duration was plotted as a function of the peak to control 

velocity ratio. No significant correlation existed in either muscle. 

The reactive hyperemia duration only appears to depend upon occlusion 

duration. 

The observation that excess flow increased with increasing oc

clusion lengths is consistent with the majority of the literature deal

ing with skeletal muscle reactive hyperemia measured at the gross flow 

level. Within the range of occlusion lengths studied, the increase in 

excess flow appeared to be due to increases in both peak reactive 
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hyperemia velocity and reactive hyperemia duration. The shape of the 

response pattern also changes with the maximal flow period being more 

prolonged following the longer occlusions. This change in the shape of 

the capillary flow pattern has also been observed by Johnson (1975). 

These observations on excess flow support the involvement of metabolic 

mechanisms in the genesis of reactive hyperemia in these two muscle 

types. According to the metabolic hypothesis, increasing the occlusion 

length results in a greater fall in tissue pĈ  and in greater accumula

tion of metabolic vasocilator substances. This is considered to invoke 

a greater vasodilation (increased peak reactive hyperemia flow) and a 

lengthening of the reactive hyperemia duration due to an increase in 

time for the disappearance of the greater amount of vasodilator 

substance(s). 

These data on excess flow differ in some aspects from the re

sults of Konradi and Levtov (1970) and Johnson (1975). These workers 

found no significant change in excess flow with occlusions up to 30 

seconds in length. Occlusions of 1 to 2 minutes in length did result 

in increases in excess flow. In contrast to the chicken AID and PLD 

muscles, the reactive hyperemia responses in the muscle used in their 

studies appeared to depend upon non-metabolic, possibly myogenic, 

mechanisms following the shorter occlusion lengths. 

The results of the present study show that the percent flow debt 

repayment is independent of occlusion lengths between 15 and 180 seconds 

in accordance with the majority of previous gross flow reactive hyper

emia studies. This observation is consistent with the metabolic concept 
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for the origin of the reactive hyperemia response since the excess flow 

increased proportionately to increases in flow debt. 

The relationship between the flow debt and excess flow does not 

appear to be tightly coupled. There was considerable variability in the 

microvascular responses to ischemia--even within the same muscle prepa

ration. A typical example of response variability was found in experi

ment 5-29-74 in which the percent, flow debt repayment following 60 

second occlusions ranged from 45 to 188% in 6 ALD capillaries--the mean 

percent flow debt repayment being 121%. This variability indicates that 

different arterioles respond differently to ischemia. The different 

responses among arterioles cannot be attributed to a non-homogeneity of 

the muscle fiber composition as suggested by Burton and Johnson (1972) 

since the muscles used in the present study have a homogeneous fiber-

type composition. The non-uniformity of capillary, or more accurately, 

arteriolar responses to ischemia may be explained by the studies by 

Duling (1972) and Hutchins et al. (1974) which demonstrate that differ

ent arterioles respond differently to changes in oxygen levels. 

Although the responses of individual arterioles in a given 

muscle may result in an underpayment or overpayment of the flow debt, 

the summed response results in complete repayment of the flow debt and 

generally, an overpayment in the ALD and PLD muscles. This complete 

repayment is consistent with the observations on the human forearm by 

Abramson et al. (1941), Wood et al. (1955), and Patterson and Whelan 

(1955) and by Yonce and Hamilton (1959) on the dog gracilis muscle. 

The percent flow debt repayment data are also in agreement with the 

findings of Gentry and Johnson (1972) in the microvasculature of the 
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frog pectoralis muscle. However, the percent flow debt repayment in 

the present study is several times greater than reported for the micro-

vasculature of the cat sartorius by Burton and Johnson (1972). 

It has been proposed in the literature that the variability in 

percent flow debt repayment may be related to differences in resting 

control flow (Abramson et al., 1941; Bache and Ederstrom, 1965; Tomi-

naga, Watanabe, and Nakamura, 1973). These gross flow studies have 

shown that percent flow debt repayment is inversely related to the con

trol flow. It is reasoned that at high control flows, the blood flow 

exceeds the metabolic requirements of the tissue. Therefore, the cal

culated flow debt would exceed the actual metabolic debt thereby reduc

ing the calculated percent flow debt repayment. However, in the present 

study, no correlation was found between percent flow debt repayment and 

control velocity following 60 second occlusions (see Results--Figure 

18). This suggests, based upon the above reasoning, that the resting 

blood flow did not exceed the metabolic needs of the muscles used in 

this study. 

When the peak reactive hyperemia velocity was normalized to the 

control velocity by expressing the data as the peak to control velocity 

ratio, no significant difference was found in the red and white muscle 

(see Results--Figure 14). Both muscle types showed the same increase 

in peak to control velocity ratio with increasing occlusion length. The 

peak to control velocity ratio at any given occlusion length is pro

portional to expressing the peak velocity as a function of flow debt. 

Therefore, both muscles showed the same relative degree of maximal vaso

dilation in response to a given flow debt. This finding is highly 
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significant, and indeed, quite unexpected. One aim of the present 

study was to test the hypothesis that the vasculatures of red and white 

muscle may respond differently following periods of blood flow depriva

tion. This hypothesis was based upon the fact that red and white muscle 

differ considerably in oxidative and anaerobic metabolism. 

These peak control velocity data suggest that there may be a 

vasoactive controlling substance that is common to both muscles, accu

mulates at the same rate in response to ischemia, and has equal effects 

on both vasculatures. Alternatively, each muscle may have its own 

unique controlling factor linked to the metabolic needs of the tissue 

in such a way that the vasculatures in both muscles respond similarly 

to equal periods of ischemia. However, the peak to control velocity 

ratio data cannot delineate between these alternative mechanisms. 

In addition to similar peak to control velocity ratios, both 

muscles displayed the same duration of reactive hyperemia at each occlu

sion length studied. In other words, both muscles were able to repay 

their flow debts within the same length of time following similar 

periods of ischemia. Therefore, the time required for the disappearance 

of the controlling factor(s) is the same in red and white muscle. It 

should be pointed out that this "disappearance" may involve washout of 

the substance(s) and/or metabolic re-utilization by the tissue. Meta

bolic re-utilization may involve oxidation, re-phosphorylation, trans

formation, or incorporation into non-vasoactive metabolic substances 

depending upon the nature of the "controlling substance(s)." Although 

a majority of the reactive hyperemia literature speaks of metabolic 

washout, as early as 1925 Lewis and Grant suggested that the substance 
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is somehow destroyed in situ. This hypothesis appears attractive 

since there does not appear to be sufficient venous washout of the dif

ferent proposed vasodilator substances to account for the magnitude of 

vasodilation observed in reactive hyperemia (Tominaga, Suzuki, and 

Nakamura, 1973). Therefore, the absence of vasoactive substances in the 

venous blood following ischemia does not negate the possible involvement 

of these substances in the reactive hyperemia response. 

The reactive hyperemia peak velocity and its normalization to 

control velocity along with the duration of the reactive hyperemia re

sponse are individual parameters which permit certain inferences to be 

drawn regarding the accumulation and disappearance of the metabolic 

vasoactive substance(s) involved in the reactive hyperemia response. 

Excess flow describes the overall reactive hyperemia response since it 

is dependent upon the peak velocity, duration, and the response profile. 

The red muscle showed significantly greater excess flows than the white 

muscle. However, when these data were normalized to the differences in 

control velocity by calculating percent flow debt repayment, no signifi

cant differences were found between the two muscles at each occlusion 

length studied (see Results--Figure 17). This is highly significant 

since it demonstrates that the two muscle types do not differ in their 

overall ability to repay a given flow debt. Furthermore, normalization 

of the summed reactive hyperemia profiles following 60 second occlusions 

(see Results--Figure 19) showed that there were no significant differ

ences in the mean response profiles for the two muscles. 

A comparison of the semi-logarithmic plots of the reactive 

hyperemia velocity profiles for the two muscles demonstrate that there 
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are no discernible differences in disappearance rates of the mean 

reactive hyperemia profiles. These data also show that the disappear

ance of reactive hyperemia is not a simple exponential function as 

reported by Dornhorst and Whelan (1953) for the human calf. The semi-

logarithmic reactive hyperemia profiles of the present study are more 

similar to those reported by Olsson (1964) for myocardial reactive 

hyperemia. Olsson suggested, based upon his kinetic studies, that a 

single metabolite was responsible for the reactive hyperemia and that 

its disappearance was due to re-utilization or degradation rather than 

simple physical washout. A similar, detailed study of the kinetics 

of the reactive hyperemia responses in the ALD and PLD muscles was not 

performed since this type of analysis was not the purpose of this dis

sertation. However, in future studies, these data may be expanded to 

include more detailed kinetic analyses in order to gain additional in

sight into the mechanism involved in the reactive hyperemia responses 

of these two muscle types. 

Comparison With Other Microvascular Reactive 
Hyperemia Studies 

Microvascular responses to different durations of ischemia have 

been observed and quantitated in 3 different preparations--cat mesentery 

(Pollock, 1975), cat sartorius muscle (Johnson, 1975), and chicken ALD 

and PLD muscles (present study). Similar reactive hyperemia response 

patterns are found in the 3 preparations. However, considerable differ

ences exist in the reactive hyperemia responses as a function of occlu

sion duration. The summed capillary data from the cat mesentery showed 

no significant increase in reactive hyperemia peak velocity, duration, 
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and excess flow when the occlusion lengths were increased from 15 to 60 

seconds. These data, coupled with pressure pulse experiments, led the 

author to conclude that myogenic mechanisms were present and dominant 

within the mesenteric microcirculation. However, metabolic mechanisms 

were still believed to be present as evidenced by several capillaries 

which showed increases in these different reactive hyperemia parameters 

as a function of increasing occlusion length. Johnson (1975) suggested 

that the microvasculature of the cat sartorius muscle may be controlled 

by both myogenic and metabolic mechanisms. The data suggested that 

myogenic control mechanisms may be dominant following occlusions up to 

30 seconds in length, whereas, metabolic mechanisms dominate following 

longer occlusions. In the present study, metabolic mechanisms appear 

to be the major controlling mechanism following both short and longer 

occlusions for reasons already discussed. However, if the undershoot 

phenomenon originates from a myogenic mechanism, then this type of 

mechanism may have been involved in some of the capillary responses. 

Therefore, if the underlying assumptions regarding the nature of 

myogenic and metabolic control mechanisms are correct, then there ap

pears to be a continuum in the relative expression of these two mecha

nisms in different vascular beds. The relative expression of the 

mechanisms may be related to the function of the tissue and the metabol

ic requirements of the tissue. However, thorough, critical evaluations 

of the role of these two mechanisms in skeletal muscle reactive hyper

emia are still lacking. 
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Reduced Temperature Study 

Reducing the tissue temperature by 10°C results in a diminished 

tissue metabolism and corresponding decrease in resting blood flow 

(Freeman, 1935). Owing to a reduced tissue metabolic rate at lower tem

peratures, it follows that during a period of ischemia the rate of tis

sue pĈ  decline and the accumulation rate of metabolic vasoactive 

substances will be reduced. For these reasons, one would expect accord

ing to the metabolic hypothesis to observe a reduction in the reactive 

hyperemia response at lowered tissue temperatures. Indeed, this has 

generally been observed in human plethysmograph studies (Lewis and 

Grant, 1925; Freeman, 1935; Abramson et al., 1941; Coles and Cooper, 

1959), dog hindlimbs (Bache and Ederstrom, 1965) and in isolated dog 

gracilis muscle (Yonce, 1962). However, all the above studies except 

for Yonce (1962) involved skin as well as skeletal muscle circulations. 

This causes some problems in the interpretation of the above studies 

and in comparing these studies with the present study since the skin 

circulation responds quite differently than muscle to temperature 

changes. Therefore, little is known about the effects of temperature on 

skeletal muscle reactive hyperemia, per se. No studies have previously 

been done on the effects of temperature on the microvascular responses 

to ischemia in skeletal muscle. 

Control Flow Behavior 

Previous skeletal muscle gross flow studies have shown that a 

decrease in tissue temperature is accompanied by a reduction in resting 

blood flow. The present study showed that the mean capillary red cell 
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velocity decreased 26% in the red muscle and 39% in the white muscle 

when the muscle temperatures were lowered by approximately 10°C. There 

was no significance difference in the percent decrease in velocity al

though in terms of absolute velocity, the ALD still showed a signifi

cantly greater control capillary velocity than the PLD muscle. It is 

not known for certain whether the reductions in mean capillary velocity 

were proportional to the changes in gross flow. The change in mean 

capillary velocity would be proportional to the change in gross flow 

only if the numbers of flowing capillaries were unchanged and there was 

no re-distribution between nutritive and non-nutritive channels--if such 

even exist in these muscles. However, if the number of flowing capil

laries were reduced, then following a period of ischemia one might ex

pect to see an increase in flowing capillaries. This was not observed. 

Therefore, the decrease in mean capillary control velocity is believed 

to reflect a similar change in the gross flow in these preparations. 

Reactive Hyperemia Patterns 

Two general observations were made regarding changes in reactive 

hyperemia patterns at reduced temperature. First of all, the most ob

vious change when comparing the summed capillary profiles (compare 

Figures 19 and 29) is the decrease in response duration. The signifi

cance of this decrease is discussed in the following section. Secondly, 

both muscles showed an increase in the percentage of capillaries dis

playing the undershoot response. Unlike the normal temperature results, 

this response was almost as prevalent following 60 second occlusions as 

following 15 second occlusions. 
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It was previously suggested that the undershoot pattern may 

originate from a myogenic, quick stretch response of the vascular smooth 

muscle to the sudden increase in transmural pressure at the time of oc

clusion release. If this is true, then these data indicate that tem

perature reduction allows for a more dominant expression of this 

mechanism. However, the linking of the undershoot response to myogenic 

mechanisms is based upon surmise since it has not yet been proven that 

the undershoot response is an expression of myogenic mechanisms. 

Quantitation of Reactive Hyperemia Responses 

Both muscle types showed an increase in peak velocity, peak to 

control velocity ratio, response duration, and excess flow when the oc

clusion length was increased from 15 to 60 seconds. In this respect, 

the microvasculatures responded to ischemia, qualitatively, quite simi

larly at both temperatures. However, the two muscles did show certain 

quantitative changes in these parameters at the reduced temperature. 

The two muscles showed a reduction in mean peak reactive hyper

emia velocity following both 15 and 60 second occlusions at the lower 

tissue temperature although the change was not significant in the ALD. 

The decrease in peak velocity is consistent with all previous investiga

tions cited. When the peak velocity was normalized to the control 

velocity at the reduced temperature, neither muscle showed a significant 

change at either occlusion length from thepeak to control velocity ratio 

observed at normal temperatures. This finding differs from Yonce (1962) 

who showed a reduction in this ratio at lower temperatures. These data 

indicate that the temperature reduction had no effect on the ability of 
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the red and white muscle vasculature to dilate relative to the control 

state in response to a given flow debt following 15 and 60 second 

occlusions. 

Both muscles showed an increase in reactive hyperemia duration 

when the occlusion length was increased from 15 to 60 seconds. However, 

at the reduced temperature the duration of the reactive hyperemia re

sponse was shortened when compared with the normal temperature data. 

This decrease in reactive hyperemia duration was particularly pronounced 

following 60 second occlusions. Except for the report by Yonce (1962) 

this observation is consistent with what has generally been reported in 

skeletal muscle. These data indicate, according to the metabolic hy

pothesis, that at lower temperatures less time is required for the dis

appearance of the vasodilator influence. This may result from less 

accumulation of the vasodilator substance(s) or from a greater dis

appearance rate. The latter appears to be untenable since the rate of 

the physical and biochemical processes most likely involved in the 

disappearance (washout or re-utilization) are directly related to tem

perature . 

Mean capillary excess flow decreased in both muscles at the 

reduced temperature (see Results--Figure 27). This finding is in agree

ment, qualitatively, with all previously cited gross flow experiments in 

which the effects of temperature on reactive hyperemia were studied. 

However, the results of the present study cannot be compared quantita

tively with the previous gross flow investigations in which entire limbs 

were used because of the presence of skin circulation in these 
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preparations. Although Yonce (1962) isolated a single muscle (dog 

gracilis) he did not accurately quantitate his excess flow data. 

The percent reduction from the normal temperature data was 

greater following 60 seconds of ischemia (ALD, -71%; PLD, -71%) than 

following 15 seconds (ALD, -36%; PLD, -52%). This indicates that tem

perature reduction and lowering of tissue metabolism has greater effects 

on the reactive hyperemia excess flow following 60 seconds of ischemia 

than following 15 seconds of ischemia. This differential effect on ex

cess flow following the two different occlusion lengths was principally 

due to the greater percent reduction in reactive hyperemia duration fol

lowing the 60 second occlusions (see Results--Figure 26). Therefore, 

according to the metabolic hypothesis, these data indicate that tempera

ture reduction has a greater effect on the disappearance of the vaso

active substance(s) following 60 seconds of occlusion than following 15 

second occlusions. One might postulate that temperature reduction would 

have a lesser effect on shorter occlusion lengths if myogenic mechanisms 

have a greater expression relative to metabolic mechanisms at shorter 

occlusion lengths. However, these experiments were not designed to 

differentiate the relative involvement of these two mechanisms. 

Previous gross flow investigations are not in agreement regard

ing the effects of temperature on percent flow debt repayment. Percent 

flow debt repayment has been found to be independent of temperature 

(Freeman, 1935; Abramson et al., 1941), to vary directly with tempera

ture (Coles and Cooper, 1959; Bache and Ederstrom, 1965), or vary in

versely with temperature (Abramson et al., 1941; Patterson and Whelan, 

1955). However, all these were whole limb studies in which skin 



155 

circulation was present. Since skin circulation is principally con

cerned with thermal regulation, the effects of temperature on percent 

flow debt repayment in whole limbs may not accurately reflect what is 

taking place in the skeletal muscle circulation. 

Both muscles showed a decrease in mean capillary percent flow 

debt repayment at the lower temperature although the decrease was only 

significant following 60 second o elusions (see Results--Figure 28). 

The calculated percent flow debt repayment decreased because the mean 

excess flow showed a greater percent reduction from its normal tempera

ture value than did the control velocity. This may indicate that the 

resting blood flow at the reduced temperature exceeded the metabolic re

quirements of the tissue as suggested by Abramson et al. (1941) and 

Bache and Ederstrom (1965). If this were the case, then the calculated 

blood flow debt exceeded the metabolic flow debt leading to an under

estimate of the calculated percent flow debt repayment. 

The results of the reduced temperature study confirm the conclu

sion derived from the normal temperature data that red and white muscle 

show no significant difference in their microvascular responses to 

ischemia. The two muscle types showed no significant difference in re

active hyperemia duration. When the excess flow was normalized to the 

different control velocities (i.e., calculated percent flow debt repay

ment) there was no significant difference in the red and white muscle 

responses. Normalization of the peak velocity to the control velocity 

showed that there was no significant difference following 60 second 

occlusions (although a significant difference existed following 15 sec

ond occlusions). These data indicate that the control mechanisms 
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responsible for reactive hyperemia have the same sensitivity to tem

perature reduction in both muscle types. 

Significance of Red and White Muscle Comparison 

In terms of absolute magnitude, the microvascular responses of 

the red ALD muscle showed a greater reactive hyperemia peak velocity and 

excess flow in response to ischemia than did the white PLD muscle. How

ever, when these reactive hyperemia parameters were normalized to the 

differences in capillary control velocity (peak to control ratio and 

percent flow debt repayment, respectively), no significant differences 

were found between the two muscle types. Furthermore, there were no 

significant differences between the two muscles in reactive hyperemia 

duration at each occlusion length studied. When all the individual 

60 second response profiles were sununed and averaged and plotted semi-

logarithmically as a function of time, there were no discernible differ

ences in the reactive hyperemia disappearance rates except for the first 

25 seconds in which the ALD showed a prolongation of the peak response. 

The summed profile data also showed that the disappearance of the hyper

emia is not a simple exponential function. 

The results of the reduced temperature study confirmed the con

clusions derived from the normal temperature study. Although the lower 

temperature diminished the magnitude of some of the reactive hyperemia 

parameters, there were still, except for the peak to control ratio fol

lowing 15 second occlusions, no significant differences in the red and 

white muscle vascular responses when normalized to the control veloci

ties. Furthermore, no discernible differences in the reactive hyperemia 
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disappearance rates were found when the individual 60 second responses 

profiles were summed, averaged, and plotted semi-logarithmically. 

These findings are somewhat surprising owing to the known 

metabolic differences of the two muscle types. The red ALD muscle has 

a higher resting oxidative metabolism than the white PLD muscle. 

Hudlicka (1969) reported that the resting oxygen consumption is almost 

3 times greater in the ALD. Resting blood flow is also proportionately 

greater in the ALD muscle. In addition, the resting carbon dioxide 

production is nearly 4 times greater in the ALD muscle. Little more is 

known of the resting metabolisms of the ALD and PLD muscles. However, 

much more metabolic data is available for the red soleus and white gas

trocnemius muscles of the cat. It seems reasonable to extrapolate the 

differences in resting metabolisms from the cat muscles to the chicken 

muscles for the purposes of this discussion. In fact, the extrapolation 

probably gives a very conservative estimate of the metabolic differences 

of the two muscle types because the differences in the ALD and PLD are 

probably greater than the differences in the soleus and gastrocnemius 

owing to the homogeneity of the chicken muscle's fiber-type composition. 

Red muscle consumes more oxygen and glucose, and produces more 

lactate at rest than white muscle (Hudlicka, 1971). Under conditions of 

increased metabolism such as exercise, red muscle increases its glucose 

consumption but does not increase lactate production. In contrast, 

during exercise, white muscle utilizes glycogen without increasing glu

cose consumption.and produces increased amounts of lactate (Hudlicka, 

1971). 
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These observations are consistent with the in vitro biochemical 

studies which show that the activities of glycogen phosphorylase and 

lactate dehydrogenase are 10-fold greater in the white PLD than in the 

red ALD muscle (Pette, 1971). Furthermore, the enzyme activity ratios 

of certain glycolytic and oxidative enzymes such as triosephosphate 

dehydrogenase and citrate synthase reveal that the glycolytic capacity 

of the white PLD muscle is over 10 times greater than the red ALD muscle 

(Pette, 1971). Glycogen content is also higher in the PLD (Gutmann and 

Syrovy, 1967). 

It is difficult to extrapolate from exercise metabolism studies 

and in vitro enzyme activity studies to what changes in tissue metabo

lism may occur during ischemia in the ALD and PLD muscles. Direct tis

sue measurements of changes in pÔ , lactate and CÔ  production, and 

other metabolic substances have not been made during ischemia and com

pared in these two muscle types. However, it is permissible to specu

late and postulate what changes may occur in metabolism and how these 

changes may affect the microvascular responses to ischemia. 

The results of the present study, at both normal and reduced 

tissue temperature, suggest the following: (1) if the vasculatures of 

both muscles have the same sensitivity to the vasodilator metabolite(s), 

then the accumulation rate and disappearance rate of the vasoactive 

substance(s) is the same in red and white muscle; or (2) the two muscle 

types may have different accumulation rates (and disappearance rates) of 

the regulatory substance(s) but may still demonstrate similar reactive 

hyperemia responses if the vasculatures have different sensitivities to 

the vasodilator metabolite(s); and (3) temperature reduction has the 
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same effect on the accumulation and disappearance rates of the vascular 

regulatory substance(s) providing that the vascular sensitivities of the 

two muscles to the hypothetical vasoactive substance(s) are not differ

entially affected by temperature reduction. 

It has been proposed that oxygen per se directly affects the 

vasculature and that changes in tissue pĈ  that occur during ischemia 

may directly be responsible for the genesis of reactive hyperemia 

(Guyton et al., 1964). If this is true, and the arteriolar smooth mus

cle of red and white muscle have the same sensitivity to pĈ , then the 

tissue pC>2 must fall at the same rate in these two muscle types in 

order to account for the similarities in reactive hyperemia. Thuning 

and Buerk (1972) have shown that the rate of tissue pĈ  fall following 

arterial occlusion in the red soleus muscle of the cat is slower than in 

the white gastrocnemius muscle. However, this may not be the case for 

the muscles used in the present study since their relative resting oxy

gen consumption and relative amount of myoglobin may very well be dif

ferent than the cat muscle's. It also must be considered that the two 

vasculatures may have different sensitivities to pÔ  so that even if the 

rate of pÔ  fall is different there may still be similar vascular re

sponses. However, the direct involvement of pC>2 seems quite unlikely 

from the studies cited earlier by other workers (Pittman and Duling, 

1973; Duling, 1974). 

Carbon dioxide has been implicated to play a major role in 

skeletal muscle reactive hyperemia (Kontos and Patterson, 1964). The 

carbon dioxide production in the ALD is 4 times greater than the PLD 

production (Hudlicka, 1969). Therefore, during the period of ischemia 
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there is probably a greater accumulation of CĈ  in the red ALD muscle. 

If the microvasculatures of both muscles have the same sensitivity to 

CĈ , then the red ALD muscle should show a much greater reactive hyper

emia response than the white muscle owing to the greater accumulation of 

carbon dioxide. This postulated mechanism is consistent with the re

sults of the present study only if the vasculature sensitivity to CĈ  

is much greater in the PLD than in the ALD. 

The,present study also provides indirect evidence against the 

involvement of lactate in the reactive hyperemia response to ischemia. 

If the ALD is like the cat soleus muscle, then lactate production at 

rest is several times greater than in the white PLD muscle. Therefore, 

for a short period of time following blood flow cessation there should 

be a greater accumulation of tissue lactate in the ALD until the muscle 

metabolisms switch over to more anaerobic, glycolytic metabolism. 

Based upon the in vitro enzyme activity studies, it seems reasonable to 

postulate that during tissue hypoxia (when oxidative metabolism is re

duced) the rate of anaerobic lactate production in the highly glycolytic 

PLD muscle would be much greater than in the red ALD muscle. If the 

vasodilation that occurs during ischemia is mediated by changes in tis

sue lactate levels, then the reactive hyperemia responses should be 

different in the two muscles depending upon the length of ischemia. 

Therefore, the lactate hypothesis does not appear to be consistent with 

the results of this study. 

Other proposed metabolic vasodilator substances such as adeno

sine and inorganic phosphate are linked indirectly to oxidative metabo

lism. The involvement of these substances cannot be ruled out based 
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upon the evidence of the present study. However, the accumulation rates 

of these substances are probably quite different in red and white mus

cle. Therefore, the vascular sensitivities of red and white muscle 

would need to be different to account for the similar reactive hyper

emia responses. 

It was previously discussed that there may be a common regula

tory substance for both muscles, or possibly a unique substance for each 

muscle type. The results of the present study cannot differentiate be

tween these two possibilities. Whatever the regulatory mechanisms for 

red and white muscle reactive hyperemia are, this study has demonstrated 

that they produce similar reactive hyperemia responses in the two muscle 

types following comparable periods of ischemia. Furthermore, both mus

cles display similar reductions in reactive hyperemia responses at 

lower tissue temperatures indicating that the vascular control mecha

nisms in red and white muscle are similarly affected by temperature 

reduction. 



CONCLUSIONS 

The present study utilized a new microcirculatory preparation 

which permitted direct comparisons of capillary flow to be made between 

the red anterior and white posterior latissimus dorsi muscles of the 

chicken. Reactive hyperemia was quantitatively studied by measuring 

red cell velocity changes in individual capillaries in response to oc

clusion durations of 3-1/2 to 180 seconds at both normal and reduced 

tissue temperatures. This is the first study to my knowledge in which 

reactive hyperemia has been quantitated and compared in red and white 

muscle. The following conclusions were reached from this study: 

1. Steady, irregular, periodic, and periodic on-off control veloc

ity patterns were observed in capillaries of both muscles. 

Blood flow in individual capillaries may be modulated by changes 

in flow amplitude and/or by changes in the frequency of 

periodicity. 

2. Both muscle types showed reactive hyperemia in response to oc

clusions ranging from 3-1/2 to 180 seconds in length. Reactive 

hyperemia peak velocity, duration, and excess flow increased in 

both muscle types with increasing occlusion lengths at both 

normal and reduced tissue temperatures. These observations are 

consistent with the metabolic hypothesis suggesting a general 

dominance of this mechanism over myogenic mechanisms. However, 

myogenic mechanisms may have been present as evidenced by an 
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undershoot in the reactive hyperemia patterns of a certain num

ber of capillaries in both muscles. 

3. At reduced tissue temperature, both muscle types showed a sig

nificant decrease in capillary control velocity with no apparent 

change in the number of flowing capillaries. This uniform de

crease in capillary control velocity indicates that temperature 

reduction, which most likely decreased tissue metabolism, pro

duced a uniform increase in vascular resistance. 

4. Reactive hyperemia at reduced tissue temperature showed de

creases in peak velocity, duration, and excess flow. These de

creases were most pronounced following 60 second occlusions. 

These data support the hypothesis that decreases in tissue tem

perature lowers the tissue metabolism such that less accumula

tion of vasodilator metabolites occurs during the ischemic 

period. 

5. The undershoot phenomenon was more prominent in the reactive 

hyperemia patterns at the lower temperature. This finding sug

gests an unmasking of myogenic mechanisms at reduced tempera

tures . 

6. The red muscle showed a greater control velocity, reactive 

hyperemia peak velocity, and excess flow than the white muscle 

at both normal and reduced temperatures. However, when the 

reactive hyperemia data were normalized to the differences in 

control velocities, no significant differences were found be

tween the responses of the two muscle types at the two tempera

tures (the one exception was a significantly greater peak to 
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control velocity ratio in the ALD following 15 second occlusions 

at reduced temperatures). Furthermore, there were no signifi

cant differences between the two muscles in reactive hyperemia 

duration following all occlusion lengths at both temperatures. 

These data suggest the following: 

a) The accumulation rate and disappearance rate of the 

vasoactive substance(s) is the same in red and white 

muscle providing the vasculatures of both muscles have 

the same sensitivity to the vasodilator(s). 

b) The two muscle types may have different accumulation 

rates (and disappearance rates) of the regulatory sub

stance (s) but may still demonstrate similar reactive 

hyperemia responses if the vasculatures have different 

sensitivities to the vasodilator metabolite(s). 

c) Temperature reduction has the same effect on the accumu

lation and disappearance rates of the vascular regula

tory substance(s) providing that the vascular 

sensitivities of red and white muscle to the hypotheti

cal vasoactive substance(s) are not differentially 

affected by temperature reduction. 



APPENDIX A 

INDIVIDUAL CAPILLARY DATA FROM THE 
ALD AND PLD MUSCLES AT NORMAL TEMPERATURE 
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Table A-l. ALD capillary control velocity and peak reactive hyperemia velocity following different 
occlusion lengths at nomal temperature. 

C.V. = Capillary control velocity (mm/second). P.V. = Reactive hyperemia peak velocity (mm/second). 

Occlusion Length (seconds) 

Cap. 3-1/2 7 15 30 60 180 

Experiment No. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. 

6-20-73 1 0.20 0.33 0.23 0.45 0.33 0.65 
2 0.40 0.80 
6 0.70 1.20 

7-11-73 b 1.00 2.70 0.80 3.00 

7-13-73 3 0.90 2.50 

7-18-73 2 0.69 1.37 0.67 1.82 0.84 1.88 
3 0.91 2.33 

8-28-73 1 0.80 1.15 0.80 1.15 

8-30-73 1 0.30 0.63 

8-31-73 c 1.13 2.00 1.18 2.53 1.36 2.85 
10 1.00 1.30 0.87 1.50 0.76 1.78 
12 0.89 0.97 0.58 1.12 0.65 1.12 

9-11-73 9 0.40 0.80 
10 0.80 1.25 1.20 1.20 
11 0.73 1.10 0.75 1.00 0.83 1.40 



Table A-l. ALD capillary control velocity and peak reactive hyperemia velocity at normal temperature, 
continued. 

Occlusion Length (seconds) 

Cap. 3-1/2 7 15 30 60 180 

Experiment No. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. 

9-12-73 1 0.60 1.20 

10-24-73 a 
b 0.87 1.05 

0.95 
0.88 

1.70 
1.40 0.88 1.45 0.90 1.45 

10-29-73 a 
g 0.45 0.87 

0.95 
0.43 

1.85 
1.38 0.55 1.20 

10-31-73 a 
b 0.47 0.74 

0.85 
0.36 

1.80 
0.94 0.40 0.90 0.55 1.50 0.47 1.50 

11-2-73 b 
d 

0.75 
0.35 

1.73 
0.43 

0.54 
0.33 

1.92 
0.70 0.35 0.73 

0.90 
0.27 

2.60 
0.83 

0.76 3.00 

11-5-73 a 0.50 1.60 0.80 1.60 

11-9-73 b 
f 
g 

0.53 
0.40 
0.40 

1.00 
1.70 
0.74 0.50 0.91 0.53 0.95 0.53 1.10 

11-12-73 b 
c 

0.24 
0.27 

0.55 
0.77 

1-7-74 • 14 0.48 1.20 

1-11-74 15 0.50 1.86 



Table A-l. AID capillary control velocity and peak reactive hyperemia velocity at normal temperature, 
continued. 

Occlusion Length (seconds) 

Cap- 3-1/2 7 15 30 60 180 

Experiment No. cTv̂  P.V. C?V. P.V. C?V̂  P.V. cTv! P.V. C?V\ P.V. C7v\ P7v7 

1-11-74 15a 0. 90 1. 20 0.76 1.10 0.85 1.65 0.67 1.90 0.80 2.30 0.95 

1-21-74 13 0.60 2.20 
15 0.25 1.00 
16 0.35 1.12 0.40 1.92 0.38 1.61 0.35 1.61 
18 0. 60 0. 85 0.60 1.70 0.35 1.90 0.60 2.30 0.45 2.70 0.33 
20 0.34 0.70 
22 0.24 1.35 0.23 2.50 0.27 1.55 0.22 1.40 
30 0.55 0.77 0.45 1.10 0.39 1.35 0.45 2.25 0.50 

1-24-74 12 0.42 0.42 0.42 0.85 
13 0. 35 0. 87 0.30 2.85 0.30 3.00 
41 0.75 1.80 0.40 1.60 

1-25-74 2 0.09 0.38 0.17 0.75 0.22 0.83 

1-28-74 3 0.93 1.14 0.75 1.30 0.90 2.10 
10 0.45 1.16 0.58 2.20 
15 0.80 2.13 0.67 1.30 0.67 1.10 0.90 1.60 0.80 

1-30-74 3 0.55 2.46 0.35 1.70 
5 
13 
16 

1.02 
0.33 

1.78 
0.67 

3.30 

3.00 

0.40 0.90 



Table A-l. ALD capillary control velocity and pealc reactive hyperemia velocity at normal temperature, 
continued. 

Occlusion Length (seconds) 

Cap. 3_1/2 7 15 30 60 180 

Experiment No.' CTV. PTvT C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. 

5-23-74 4 0.40 1.80 
9 0.50 1.15 
12 0.33 0.60 
13 0.50 0.90 0.50 1.11 0.50 1.10 0.60 1.25 0.55 1.80 
14 0.55 1.11 0.55 1.25 0.45 1.80 
19 0.67 1.10 0.65 1.80 

5-24-74 21 0.17 0.33 0.19 0.38 0.17 0.35 0.18 0.67 0.21 1.00 0.21 1.10 
22 0.43 0.43 0.43 1.50 0.39 1.42 0.46 1.60 0.31 1.30 0.33 1.80 

5-29-74 10 0.23 0.50 0.22 0.67 
11 0.40 0.93 0.57 1.33 0.45 1.30 0.54 1.56 0.70 1.35 
12 0.47 1.13 0.50 1.71 0.83 1.68 0.70 1.80 
13 0.65 1.00 0.67 1.35 0.53 1.50 0.80 1.86 0.50 3.00 
30 0.90 2.70 
32 0.85 1.35 0.90 1.20 0.80 2.55 0.85 2.85 

5-30-74 11 0.45 0.87 0.40 1.25 0.40 1.95 0.40 1.50 
12 0.70 2.25 

O* 
vo 



Table A-2. AID capillary reactive hyperemia (Juration and excess flow following different occlusion 
lengths at normal temperature. 

Dur. = Capillary response duration (seconds). E.F. = Reactive hyperemia excess flow (mm). 

Occlusion Length (seconds) 

Cap. 
No. 

3-1/2 7 15 30 60 180 

Experiment 
Cap. 
No. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. 

6-20-73 1 23 2.2 10.2 

7-11-73 b 70 32.4 130 119 

7-13-73 3 50 41.0 

7-18-73 2 
3 

30 10.4 30 
25 

22.7 
16.7 

38 39.0 

8-28-73 1 13.8 3.0 

8-30-73 1 30 4.2 

8-31-73 c 
10 
12 

4 -0.2 
2 -22.3 

31 
30 
30 

-12.2 
-24.6 
-15.8 

40 
30 
50 

-5.8 
-22.0 
-11.2 35 7.7 

130 

9-11-73 9 
10 
11 

15 

45 

3.6 

-10.8 
45 
50 

-6.6 
-17.4 30 8.4 

9-12-73 . 1 17 -2.4 



Table A-2. ALD capillary reactive hyperemia duration and excess flow at normal temperature, 
continued. 

Occlusion Length (seconds) 

Cap. 3-1/2 7 15 30 60 180 

Experiment No. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. 

10-24-73 a 
b 3 0.9 

40 
17 

-3.2 
2.1 42 7.1 75 16.6 

10-29-73 a 
g 14 1.9 

50 
17 

21.6 
6.4 16 4.6 

10-31-73 a 
b 7 1.6 

10 
11 

-6.9 
!-4 15 4.5 45 16.0 75 29 

11-2-73 b 
d 

18 6.7 24 
8 

10.2 
4.0 

65 
45 

43.0 
14.8 

170 137 

11-5-73 a 5 4.8 

11-9-73 b 
g 

10 
9 

3.6 
2.0 6 3.8 180 52 340 86 

11-12-73 b 
c 

40 
15 

4.0 
2.6 

1-7-74 14 9 4.6 

1-11-74 15 
15a 8 1.6 

12 
2 

8.1 
0.8 53 32.0 40 28.4 180 123 210 125 



Table A-2. ALD capillary reactive hyperemia duration and excess flow at normal temperature, 
continued. 

Occlusion Length (seconds) 

Cap. 3-1/2 7 15 30 60 180 Cap. 
Experiment No. Dur. . E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F 

1-21-74 13 12 9.6 
15 11 20 20 
16 15 5.0 26 19.6 39 14.8 75 39 
18 4 1.0 5 3.8 25 22.3 70 73.0 60 112 110 190 
20 15 2.6 
21 0 13 20 
22 11 5.7 17 23.0 27 12.8 55 36 
30 23 -1.6 20 48 27.0 56 59 130 272 

1-24-74 12 0 0 50 14.7 
13 3 2.1 33 20.4 35 40.0 110 80 
17 17 
41 45 11.4 35 23.4 

1-25-74 2 95 13.4 240 51.0 215 43 

1-28-74 3 10 1.2 10 5.4 105 55 
10 9 3.0 13 11.4 
15 13 2.1 8 7.8 8.4 115 54 290 165 

1-30-74 3 7 7.8 30 17.8 
13 13 0.1 * 

16 50 21.6 



Table A-2. ALD capillary reactive hyperemia duration and excess flow at normal temperature, 
continued. 

Occlusion Length (seconds) 

Cap- 3-1/2 7 15 30 60 180 

Experiment No. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. 

5-23-74 4 13 150 29 
9 14 4.2 25 
12 50 6.8 
13 20 3.1 41 10.3 64 18.1 180 83 200 129 
14 16 4.9 85 22.7 183 62 
19 100 28.0 204 82 

5-24-74 21 3 0.5 7 0.9 16 4.0 16 5.6 17 6.5 150 67 
22 0 0 35 8.0 32 9.5 20 10.8 120 64 140 145 

5-29-74 10 9 1.8 21 5.6 110 
11 14 2.3 11 9.6 12 5.0 78 32.0 130 59 
12 18 6.5 22 13.4 43 30.4 74 36 120 
13 10 1.6 18 10.7 40 21.0 63 56 160 210 
30 160 102 
32 18 3.8 57 14.6 107 72 

5-30-74 11 10 1.8 20 3.6 20 19.2 60 42 
12 16 9.6 
14 15 55 



Table A-3. PLD capillary control velocity and peak reactive hyperemia velocity following different 
occlusion lengths at normal temperature. 

C.V. = Capillary control velocity (mm/second). P.V. = Reactive hyperemia peak velocity (mm/second). 

Occlusion Length (seconds) 

Experiment 
Cap. 
No. 

3-1/2 7 15 30 60 180 

Experiment 
Cap. 
No. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. 

6-27-73 1 0.83 0.93 0.73 1.50 0.81 1.50 0.72 1.35 0.85 1.80 
6 0.37 0.50 

8-30-73 a 0.33 0.63 

10-24-73 1 0.58 0.69 0.48 0.68 0.65 1.70 

1-11-74 2 0.17 0.17 0.22 0.5 

1-21-74 3 0.35 0.44 0.30 0.55 0.31 0.56 0.31 0.75 0.27 0.82 
5 0.22 0.35 0.19 0.50 0.17 0.79 0.16 0.90 0.13 1.10 0.17 1.35 
6 0.20 0.50 0.20 0.55 0.19 0.60 0.16 0.65 
7 0.42 0.42 0.45 0.87 0.40 1.10 0.50 1.40 0.42 1.95 
8 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 

1-25-74 6 0.17 0.35 0.21 0.55 

1-28-74 2 0.33 0.50 0.29 0.60 0.30 0.60 0.27 0.75 

1-30-74 9 0.54 0.54 0.45 1.44 0.42 1.68 0.50 1.45 0.42 2.70 . 0.45 3.10 

5-22-74 2 0.51 0.70 
3 0.55 1.56 0.60 1.50 
4 0.45 0.75 0.45 0.75 



Table A-3. PLD capillary control velocity and peak reactive hyperemia velocity at normal temperature, 
continued. 

Occlusion Length (seconds) 

Cap- 3-1/2 7 15 30 60 180 

Experiment No. C.V. P.V. C.V. P.V. C.V. P.V. C.V. P.V. O.V. P.V. C.V. P.V. 

5-24-74 1 0.16 0.52 0.12 0.90 
2 0.17 0 .33 0.19 0.39 0.19 0.55 0.18 0.90 0.19 0.49 
3 0.45 0.90 0.56 1.05 0.55 2.60 0.57 1.65 0.59 4.50 
6 0.37 0.77 0.31 1.03 0.37 1.40 0.39 1.26 
8 0.18 0.87 
9 0.17 0 .27 0.16 0.35 0.22 0.45 0.16 0.45 0.20 0.53 0.19 0.57 
10 0.25 0.41 0.26 0.45 0.30 0.50 0.33 0.50 0.30 1.00 
11 0.26 0.63 0.22 0.47 0.22 0.60 0.32 0.60 0.24 0.65 
13 0.65 1 .60 0.63 2.25 0.70 1.68 0.60 2.20 0.63 2.25 0.63 3.00 
14 0.24 0.24 0.18 0.33 0.20 0.53 0.23 0.79 0.24 0.93 
30 0.30 0 .30 0.30 0.62 0.26 0.76 0.30 1.06 0.42 0.95 0.40 1.50 
31 0.38 0.38 0.30 0.35 0.35 0.30 0.30 

5-29-74 1 0.22 0.57 0.27 0.97 0.20 0.97 
20 0.30 0.61 

5-31-74 20 0.27 0.27 0.26 0.47 0.26 0.54 0.25 0.85 
21 0.22 0.64 0.28 0.64 0.26 0.90 
23 0.20 0.40 0.19 0.33 0.20 0.50 0.18 0.35 
23a 0.11 0.11 0.12 0.34 0.12 0.32 0.13 0.57 

6-•3-74 1 0.27 0.59 
2 0.20 0.63 
3 0.45 0.90 0.40 1.30 
5 0.30 0 .63 0.28 1.60 0.33 3.15 0.33 2.10 



Table A-3. PLD capillary control velocity and peak reactive hyperemia velocity at normal temperature, 
continued. 

Occlusion Length (seconds) 

Cap> 3-1/2 7 15 30 60 180 

Experiment No. c7v\ P.V. C?V. P.V. c7v\ P.V. C?V\ P.V. C?V. P.V. c7̂  P?vT 

6-3-74 6 
10 

0.29 2.40 0.50 1.40 
0.42 0.98 0.37 1.20 0.38 1.10 0.50 3.20 



Table A-4. PLD capillary reactive hyperemia duration and excess flow following different occlusion 
lengths at normal temperature. 

Dur. = Capillary response duration (seconds). E.F. = Reactive hyperemia excess flow (mm). 

Occlusion Length (seconds) 

Experiment 
Cap. 
No. 

3-1/2 7 15 30 60 180 
Experiment 

Cap. 
No. Dur . E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.: 

6-27-73 1 6.5 12 6.4 40 14.8 30 11.2 60 44 
6 40 -7.2 

8-30-73 a 17 0.42 

10-24-73 1 8 0.78 10 1.92 75 27 

1-11-74 2 0 0 15 3.2 

1-21-74 3 1.26 4.4 8.5 32 
5 27 2.2 29 4.4 42 15.5 80 42 110 72 170 145 
6 100 4.4 150 18.7 185 34 353 59 
7 0 0 37 7.2 38 15.1 130 83 125 86 
8 0 4.7 69 4.6 144 55 398 63 

1-25-74 6 6 0.6 30 4.2 

1-28-74 2 25 3.4 60 6.8 50 9.2 23 2.6 

1-30-74 9 0.6 5 1.3 13 4.8 33 18.6 50 35.4 , 70 97 

5-22-74 . 2 32 -3.7 
3 8 3.1 8 3.8 
4 5 0.6 20 1.2 



Table A-4. PLD capillary reactive hyperemia duration and excess flow at normal temperature, 
continued. 

Occlusion Length (seconds) 

Experiment 
Cap. 
No. 

3-1/2 7 15 30 60 180 

Experiment 
Cap. 
No. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. 

5-24-74 1 30 1.4 105 20.4 
2 9 0.5 13 1.5 13 2.5 26 5.4 200 31 
3 9 1.2 8 3.0 38 21 75 47 60 28 
6 30 6.9 20 1.1 35 14 80 32.4 
8 10 4.6 
9 21 1.7 19 2.2 30 3.6 34 5.5 90 16 147 25 
10 12 0.13 45 3.2 85 6.2 157 17.5 285 43 
11 17 2.0 35 3.5 50 8.8 175 19.5 165 42 
13 6 2.7 7 5.4 12 8.1 33 23 57 38 88 128 
14 0 0 11 1.1 30 4.1 33 10.4 192 54 
30 0 0 15 1.6 15 3.4 55 14.4 85 16.8 195 54 
31 -2.2 4 22 49 

5-29-74 1 8 0 10 3.8 100 22 
20 25 3.5 

5-31-74 20 0 3.2 10 2.5 13 3.3 30 14.2 
21 10 2.3 90 17.6 70 22 
23 3.8 1.5 11.3 5 
23a 15 2.9 35 2.7 70 9.5 

6-3-74 1 15 1.8 
2 13 3.4 25 65 
3 45 20.4 30 16.2 
5 11 1.2 24 11.4 30 16.8 50 140 107 



Table A-4. PID capillary reactive hyperemia duration and excess flow at normal temperature, 
continued. 

Occlusion Length (seconds) 

Cap. 3-1/2 7 15 30 60 130 

Experiment No. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. Dur. E.F. 

6-3-74 6 
10 

13 11.4 65 27 
6 3.2 60 18 115 21.4 130 101 
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Table B-l. ALD capillary data at reduced tissue temperature. 

C.V. = Capillary control velocity (mm/second). P.V. = Reactive hyperemia peak velocity (mm/second). 
Dur. = Response duration (seconds). E.F. = Excess flow (mm). 

Experiment 
Cap. 
No. 

15 Second Occlusion 16 Second Occlusion 

Experiment 
Cap. 
No. C.V. P.V. Dur. E.F. C.V. P.V. Dur. E.F. 

8-25-74 2 0.75 3.20 30 13.5 
2b 1.00 2.00 17 9.3 0.55 1.75 24 2.4 
4 0.85 2.55 20 8.1 

8-24-74 3 0.56 1.37 18 9.0 0.57 1.79 30 16.1 
5 0.68 1.23 20 6.6 0.63 0.95 40 9.0 
7 0.53 1.45 16 5.28 0.35 2.20 50 25.2 
8 0.32 0.57 15 0.78 0.42 0.63 73 4.98 

8-27-74 10 0.26 0.46 25 2.82 0.17 0.42 30 1.38 
11 0.17 0.39 20 4.02 0.18 1.30 105 35.8 
12 0.34 0.52 35 3.0 0.37 1.43 40 19.2 
14 0.34 0.76 19 3.66 0.35 0.64 - 7.8 
30 0.42 1.86 47 26.1 0.37 1.30 60 21.9 

8-28-74 12 0.66 0.66 0 0 0.60 1.35 45 14.1 
14 0.75 1.77 10 4.8 
15 0.60 0.93 9 2.16 0.48 1.10 10 3.6 

8-29-74 11 0.39 0.69 21 3.6 0.48 1.25 75 4.2 
12 0.30 1.05 25 11.4 0.40 1.80 30 18.0 
13 0.39 1.23 70 16.2 0.33 1.50 100 28.8 
30 0.16 0.32 18 0.9 0.16 0.45 35 3.6 



Table B-1. ALD capillary data at reduced tissue temperature, continued. 

15 Second Occlusion 16 Second Occlusion 

Experiment No. C.Y. P.V. Dur. E.F. C.V. P.V. Dur. E.F. 

8-31-74 22 0.19 0.40 11 1.02 0.16 1.50 70 26.8 
23 0.45 1.15 10 2.99 0.63 2.85 50 34.8 
26 0.23 0.85 30 5.8 

9-4-74 1 0.39 0.81 10 2.34 0.35 1.05 75 20.4 
2 0.19 0.45 8 0.78 0.18 1.60 15 10.97 
3 0.24 1.20 20 3.18 
4 0.39 1.40 20 5.1 
5 0.39 1.28 13 4.5 0.19 1.50 16 11.8 
6 0.55 2.28 30 8.4 0.70 2.85 70 53.4 
7 0.14 0.90 15 5.6 0.25 1.25 100 29.5 

9-5-74 10 0.27 1.20 65 15.6 0.27 1.80 85 26.1 
11 0.19 1.05 54 11.4 
13 0.63 1.62 21 9.0 0.50 2.76 30 26.7 
15 0.27 0.27 0 0 

oo 
N> 



Table B-2. PLD capillary data at reduced tissue temperature. 

C.V. = Capillary control velocity (mm/second). P.V. = Reactive hyperemia peak velocity (mm/second). 
Dur. = Response duration (seconds). E.F. = Excess flow (mm). 

Experiment 
Cap. 
No. 

15 Second Occlusion 60 Second Occlusion 

Experiment 
Cap. 
No. C.V. P.V. Dur. E.F. - P.V. Dur. E.F. 

8-27-74 2 0.28 0.61 47 4.32 0.26 0.85 40 11.3 
3 0.11 0.13 - 0.72 0.10 0.22 55 2.94 

8-28-74 1 0.14 0.40 20 3.72 0.13 0.76 30 10.6 
2 0.31 0.77 14 2.52 0.34 1.30 38 6.0 
3 0.17 0.35 14 2.40 0.15 0.65 65 7.2 
4 0.17 0.40 17 0.06 0.15 0.47 22 0.6 
20 0.28 0.59 17 1.86 0.28 0.70 155 29.4 

8-29-74 1 0.09 0.24 110 4.68 0.09 0.21 45 -.78 
5 0.09 0.16 17 0.26 0.10 0.22 120 6.7 
20 0.17 0.41 16 2.22 0.18 0.52 44 9.2 
21 0.09 0.09 0 0 0.10 0.26 30 1.98 

9-5-74 1 0.32 0.69 10 3.90 0.34 1.30 30 12.0 
2 0.19 0.46 20 0.30 0.14 0.62 50 5.8 
3 0.31 0.38 33 -3.18 0.28 0.73 34 1.62 
4 0.09 0.23 33 • 0.78 0.09 0.35 40 3.36 
5 0.11 0.33 25 3.00 0.12 0.60 110 14.3 

9-6-74 2 0.39 0.78 17 3.30 0.47 1.07 22 4.2 
4 0.25 0.33 21 1.02 0.26 0.65 75 20.0 
15 0.25 0.80 65 5.88 0.18 0.95 80 14.0 
16 0.25 0.47 25 3.42 0.24 0.70 25 6.2 
21 0.15 0.33 25 2.22 0.17 0.34 55 5.2 
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