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ABSTRACT

IË is frequenËly observed that paËients wiËh occlusion of

the main arËeries of their lower limbs severe enough to cause

resË pain, obt,ain relief by placing the foot ín a dependent posiËion.

However, some patients with very severe ischemic rest pain do

not obtain relief by Ëhis postural maneouver. For various reasons

these patienËs are often noË amenable to irnrnediate surgical

correcËion. Therefore, some other form of irmnediate Ëherapy is

desirable. It is proposed that a mechanical, pneumaËic, venous

pump which lowers venous pressure in the foot in Ëhe erect subject,

thereby increasing the perfusion pressure and blood flow in the

capillaries of Ëhe foot, can give relief of ischemic rest pain

in these circumsËances.

The mechanical venous pump consisted of a clear, single-

layer, vinyl plastic boot which compressed the foot by separate,

but essenËially simulËaneous, inflations, of the booË and an

occluding cuff r¿hich sealed Ëhe top of the boot at ankle level.

The effectiveness of the mechanical venous pump in lowering

venous pressure in Ëhe fooË was determined by direct measuremenË

of venous pressure. These studies índicated Ëhat a fooË compression

pressure of siËËing venous pressure plus 10nun Hg., a compression

period of 2 seconds, a compression interval ( interval between

the beginning of one conpression Ëo the beginnÍng of Ëhe next)

of 15 seconds and a delay period beËween cuff and. boot inflat,ion

of 0.5 seconds were effective and practical in lowering foot

venous pressure. It was found, using these parameters, thaË

fooË venous pressure could be lowered Ëo approximately 10nrn Hg.



in the sitting subject.

The sËandard compression boot, descríbed above, T^ras found.

Ëo be more effective ín lov¡ering fooË venous pressure than was

a long-legged boot which compressed the fooË and calf as a unit,

or a 15cm. rrlide pneumaËic cuff placed aË ankle level used as a

venous Pump.

The effectiveness of the mechanical venous pump in increasing

foot blood flow was also studied. Rate of blood flor¿ in

Ëhe skin of Ëhe forefooË was esËimaËed by Ëhe raËe of clearance
133of xe from a subdermal injection. ThirËy-four patients røith

arterial occlusion in the lower limbs were studied in Lhis manner,

however, 13 were deleËed from the final analysis for various

technical and clinical reasons. In 19 of the 21 paËienËs, on

whom complete experiments were performed, the overall effect

of the mechanical venous pump vüas Ëo increase the rate of blood

flow in the subdermal Ëissues of the forefoot by an average of

90.9% + 32.5 S.E. (p (0.02) over sitt,ing blood flor¡.

The direct loca1 effect on blood flow of pumping the foot,

corrected for the generalÍzed effect of pumping-, r¡/as to increase

blood flow in the foot on rhe average by 77.4% + 26.3 s.E" (p 40.01)
rn additÍon Ëo studying the effect of the mechanical venous

pump on blood flow, the effect of posture alone on flow in the

fooË was also estimated. rË was found that in patienËs wiËh

arterial occlusive disease in the lower limbs, blood flow was an

average of 40.6% + 14.0 S.E. greater when sitËing Ëhan when

supine (p <0.01)



The effecË of the erect posture and the mechanícal venous

pump on blood flow were sunrned and the combined effecË \¡ras an

average increase in rate of blood flow of L35.27" + 34.1 s.E. over

the supine rate of blood flow (p <0.001)

From Ëhese results, it is proposed thaË a mechanical venous

pump, as an aid to circulaËiorÌ may have a place in the management

of patients with severe arterial occlusions in the foot and r¿ho

are not. ímrnediately amenable Ëo surgical correction.
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INTRODUCTION

The treaËment of severe occlusive vascular disease, for Ëhe

mosË part, is surgical. In recent years surgical Ëechniques have

been developed Ëo render prompt and long lasËing relief Ëo the

paËienË with severe or incapacitaËÍng vascular occlusions. Prior

to this, surgery vlas not used in Ëhe managemenË of occlusive disease

nearly as ofËen as it is today. More frequenËly, in Ëhe pasË,

was Ëhe disease allowed Ëo run its natural course with often

only minor and discouraging medical intervention. Mechanical methods

for improving blood flow ín an ischemic extremity were employed

frequently without success. These modes of Ëherapy appear to

have been used, for Ëhe most parË, orl a subjecËive, imperical basis

wiËh usually limiËed physiological grounding. Some procedures

such as intermittent arterial occlusion, using a tourniqueË applied

to the limb, in an effort to produce a ïeacËive hyperemia, and

íntermittenË venous occlusion, usíng a tourniqueË also, in

order to expand the vascular bed, can be considered on physiological

grounds Ëo actually be harmful to the pat.ienË wiËh an acute or

chronic occlusive vascular lesion. On Ëhe oËher-hand, límb

dependency, either active or passive - for example Ëhe Sander's

oscillating bed, is still employed today ín Ëhe patient with ischemic

rest pain.

Recently, renewed, buË modesÈ, attenËion has been given

t,o the concept of mechanical inËermitËenË compression or pumping

of the ischemic limb to improve blood f1ow. InËermittently

pumping the ischemic limb in Ëhe dependent position with Ëhe paËient in the
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upright posture, lowers venous pressure, thereby increasing the arterial-

venous pressure difference across the capillary bed. It has frequently

been observed clinically that patienËs who have ischemic rest pain

in the foot when supine, obtain relief on putting the fooË in a

dependent posiËion. The relief is the result of the increase in

blood flow in the fooË on assuming Ëhe upright position. ( Gaskell

and Becker - L967). In a normal subjecË Ëhis increase in blood

flow does noË occur. When a normal subject sËands, the pressure

in the arËeries of Ëhe fooË rises and may be considered as made up

of Ëwo component.s: the driving pressure produced by the cont.racting

heart, and Ëhe hydrostatic pressure produced by the column of blood

created. The high inËra-arterial pressure tends to disËend the

arteries in the foot. The arteríal dÍsËenËion, ín turn, produces

a local myogenic vasoconstrictor response. In addition, a centrally

mediated vasoconstríction occurs in Ëhe fooË vessels. These two

facLors tend to reduce Ëhe fooË blood flow. If this were Ëhe situation

ín patients with main artery occlusions, one would expect LhaL, on

lowering the fooË, the blood flow would decrease causing accentuation

of ischemic rest pain rather than relief which is conrnonly observed.

trlhen a patienË, with an occluded maín artery in the 1eg with rest

pain in the foot, is supine, Ëhe pressure in the fooË is lower than

central arterial pressure. Blood flow through the fooË is abnormally

low. I¡Ihen the patíent siÈs or stands, Ëhe columns of blood creaËed,

in both arteries and veins, exerË high hydrostaËic pressure in the

foot vessels. In the arteries, the increased pressure distends the

collaËeral vessels around the blocked arterial segmenË, Ëhereby

lowering the resisËance Ëo flow in Ehese vessels. Consequently, a
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greater Ëhan expected rise in arterial pressure occurs in the foot

vessels. This increase in available pressure may be sufficient,

in some patients, to increase foot perfusion and relieve ischemic

rest pain. However, the increased venous pressure and capillary

pressure during prolonged dependency will produce tissue edema.

Consider now if in the upright patient, the venous pressure

in the fooË could be artificially lowered for a prolonged period of

time. This would effecËively increase arterial venous pressure

difference across the capillary bed and Ëhereby increase capillary

perfusion. A1so, keeping the veins empty and moving blood Ëoward

Ëhe heart would prevent vascular congestion and its resulËing edema.

Lowering of venous pressure by empËying the veins can be

accomplished by various methods. Muscular contraction actively

empËies the veins and reduces venous pressure. This is, however,

inefficÍent in thaË contracting muscle demands a greater blood

flow rrhich may, in some cases, be more than Ëhe increased blood

flow produced by Ëhe conËraction. Passive and active posËura1 exercise

will effectively empËy the veins and produce similar effecËs.

These methods, however become impractical, if not impossible in

severely i11 patienËs. IntermiËtenË, mechanícal, pneumatic

compression of the lower limb will effectively lower venous pressure

provided Ëhat reflux of blood back inËo the foot is prevented by

competent venous valves. (41 lwood L957: Henry and l,rlinsor L965:

Loane 1959).

It is Ëhe purpose of Ëhis invesËigation Ëo study the effect

on venous pressure in the dependent fooË of mechanical, pneumatíc,

inËermittent compression of the lower limb. of furËher, and more
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imporËant interest, is the effeeÈ of prolonged lowering of venous

pressure on the blood flow through the skin of the fooÈ in patíenËs

with occlusive vascular disease. A further purpose is Ëo establish

this as an effecËive mode of Ëherapy in patíenËs with ischemic rest

pain and/or ischemic skin lesions who are not subject to inrnedíate

surgical intervenËion.

A review of the literature pertaining to earlier mechanical

(non-drug, non-surgical) meËhods of treaËing more severe degrees

of arterial obstrucËion ín Ëhe lower limbs will be presenËed

followed by a reporË of Ëhe investigation and use of a combination

of posture and a mechanical venous pump Ëo improve blood flow in

the ischemic fooË.



REVIEI^I OF LIIERATT]RE



RNVIEIII OF LITERATURE

A) Introduction

Before the advenË of modern surgical techniques for the Ëreat-

ment of occlusive vascular disease, little in the way of definitive

Ëreatment could be offered to paËients with ischemic rest pain in

the lower 1imbs. Because of Lhis, several modes of Ëreatment

hTere described in Ëhe preventive and active aspects of therapy.

A few of these are retained today while others have, for various

reasons, been abandoned. A brief historical and critical review

of some of these meËhods will be presented here.

B) Bodv Heating

Heating a lirnb direcËly, or remote parts of the body, will

produce a vasodilaËatíon in the extremities. Because of this,

these principles have been employed in the treatmenË of occlusive

arterial disease.

Freeman (1940) evaluaËed the effect of locally applied heat

on the circulaËion in the heated parË. Using venous occlusion

pleËheyrnography, he showed, in normal subjects and paËients with

occlusive lesions, thaË blood flow in an extremity varied directly

with the temperature of Ëhe limb. lhe author, however, recognized

Ëhat. heat also raises the metabolism of Ëhe part, and t'the

increase ín tissue needs occasioned by the elevation in temperature

may be greaËer than any possible ímprovemenË in círculation".

Ftrathermore, Freeman recognized ËhaË the impaired blood supply, in

a patient wiËh an occlusive lesion, may not be sufficient to carry

ar^7ay or dissipaEe Lhe applíed heat, so that the temperature of the

extremity may rise Ëo levels which may produce tissue injury. The
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auËhor ciËes several patients where uncontrolled heat had produced

gangrene in feeË where poor circulaËion had existed. fhe author

concludes Ëhat vasoconstriction associated wiËh cold should be

avoided in patienËs wiËh compromised limb circulation. He

proposed thaË the temperature of the air surrounding the affecËed

limb should be between 3Oo and g+O C and thaË this is besË accornplished

by Ëhe use of a thermo regulated cradle placed over the affected

limb. Bennett, Hines and Krusen (1941) studied Èhe use of short-

wave diathermy, applied to remote areas of the body, Ëo produce

an indirecË vasodilaËíon in the affecËed extremiËy. The auËhors

found Ëhat remote heating could raise the skin temperature in the

feet of normal subjecËs and paËients with occlusive vascular disease.

They concluded that Ëhis form of treatment tended to produce

generalized hyperpyrexia in paËients and cause discomfort. Despite

Ëhis, the authors feel Ëhat indirect body heating, ttunder careful

medical supervision" has a place in the managemenË of patienËs wiËh

peripheral arterial occlusive disease.

Because of its pot,enËial dangers, the use of body heating

today is discouraged and paËients are usually councelled Ëo avoid

extremes of temperature.

C\ IntermÍtËenË Venous Occlusion

It became popular in the L940ts and early 1950's Ëo use

inËermittenL venous occlusion of an affected limb Ëo increase blood

f1ow. IË was Ëhought thaË occluding the veins of a limb, with a

blocked arterial segment would produce generalízed vascular congestion

in the limb which in turn produced a generalized vasodilaËation of

the arteries and veins. This generaLízed vasodilatation produced

a f.aLL in resistance to blood f1ow, and consequently bloqd flow

r,¡ould increase through Èhe limb during the period of occlusion.
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ofAlso, upon release of the occludíng cuff, afËer several minutes

inflaËion, a mild reactive hyperemÍa of the limb would. occur.

Linton, Morrison, Ulfelder and Libby (L94I) studied Ëhe

effecË of venous occlusion on the hÍnd limb of dogs. Using a

ËhermosËromuhr flow meter on the femoral and íliac arteries, the

authors found that blood flow Ëo the limb could be increased several

fold during venous occlusíon periods of 3 minuËes to 34 minutes.

They also noËed that the increased flow gradually decreased the

longer the veíns were occluded. From this experiments they conclud.ed

that intermittent venous occlusion for periods of 3 to 5 minutes

could be beneficial in paËients r¿ith arterial occlusions.

veal and Mccord (L94L), however noËed, using arËerial-venous

oxygen saturation difference as an indication of blood flow in the

arms of normal subjects, thaË blood flow decreased through the limb

during total venous occlusion for periods of 15 to 60 minutes. From

Ëhis Ëhey concluded thaË: ttany favourable effects claimed. for

this type of therapy must therefore resulË not so much from an

increase in Ëhe rate or the volume of the blood floi"r as from some

chemical changes produced in Ëhe tissues incid.ent to Ëhe venous

congestion and the changes produced by the increased venous pïessure.t'

This form of therapy has been largely abandoned. because occluding

Ëhe veins lead to edema format,ion \^riËh its resulËíng complications.

Furthermore, using occlusive pressures of 60-Bomn. Hg. could also

occlude arteries in limbs with low perfusing pressures which r¿ould

interrupË or decrease blood flow into the limb and possibly aggravaËe

any existing ischemia.

D) Inte4nitËent Arterial Occlusion

Related Ëo inËermittent venous occlusion is the concept r¿hich
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advocated intermittent arterial occlusion using a cuff placed

aË the groiri, to produce reactive hypermÍa in an ischemic 1imb.

rt is wel-l known that reactíve hyperemia following a brief period

of arËerial occlusion will increase blood flow in a normal limb

several fold. Thiele (1930) proposed this as a therapeuËic measure

Ëo enhance blood flow in the extremities of patients with occlusive

arterial disease. From clinical observaËion only, he concluded

ËhaË reactíve hyperemia was useful ín the Ëreatment of a wide

variety of vascular diseases. Little increase in blood flor¿

through the ischemic porËion of the limb can be expected since

the blood vessels in the íschemic area are already dilaËed due

Ëo the ischemia, and Ëhe resistance Ëo flow is high in Ëhe collaËeral

vessels. The small Íncrease in blood flor¿ to the area would do

1itt1e more than repay the oxygen debt incurred during the period

of occlusion.

This form of Ëherapy has also been abandoned since iËs use

could possibly damage an already ischemic lirnb and, furthermore,

no good objecËive evidence has appeared in Ëhe literature whích

supports its usefulness.

E) Alternate sucËion and Pressue - passive vascular Exercise
(Pavaex BooË)

This form of treaËment consisted of placing Ëhe affecËed 1irnb,

of a recumbent person, in an enclosed charnber and applying suction

(80-120 nunHg. ) for a period of rime (usually 25 seconds)

alËernating wíth a period of positive pressure (2O-B&rrnIIg.) for

5 seconds. PaËients T¡rere treated usually 2-4 hours per day until_
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lasting clinical improvemerit T¡ras obËained, and it rrras noË unusual

for patienËs to be treated in this manner for several weeks. The

raËíonale for this form of treaËment was Ëhat circulaËion could

be increased by I'sucking" blood into Èhe lower 1eg and fooË during

Ëhe period of negative pressure and Ëhen forcing blood out Ëhrough

Ëhe veins during the brief period of positive pressure.

Landis and Gibbon in 1933 sËudied Ëhe effect of Ëhe use of

Ëhe pavaex booË on the circulation of the lower legs and feeË of

normal subjects and patienËs with occlusive arterial disease. They

fírst sËudied iÈs effecËs on the flow Ëhrough a mechanical I'schema'

consísting of varÍous lengths of capillary glass Ëubes simulaËing

an arËerial obsËruction while a rubber bag simulated the disËensible

capillary and venous beds. A valve \^ras ínserted in the ouËflow

Ëube, leading from Ëhe bag, which acÈed like Ëhe venous valves.

They found that: ttFlow was uniformly greaËer during sucËion and

pressure. SucËion for 25 seconds and pressure for 5 seconds

increased Ëhe ouËfl-ow by 45 to 63 per cent'r. Following this the

authors, using skin temperatures as an indication of blood. flow,

studíed iËs use in normal subjects and patíenËs. They found ËhaË

in normal subjects, the skin temperaËure of an extremity rose

invariably when subjected to alËernaËe suction and pressure. The

rise of skin temperaËure was interpreËed as indicative of an increase

in blood f1ow. Five patienËs with "varying grades of peripheral

vascular diseasett were sËudied. "In each paÈient alternate

suction and pressure produced a conspicuous rise of surface ËemperaËure

ín Ëhe affected extremity, even ín the presence of advanced organic

vascular disease.rr
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In 1933, Hermann and Reid reporËed the resulËs of Éreatment

with Ëhe pavaex boot, on 51 patients with "organic obliËeraËive

arËerial disease.tt All patíenËs were Ëreat.ed T¡riËh BOnEn Hg. negaËive

pressure and 20nrn Hg. positive pressure wíth an aveïage lengËh of

each cycle of about 15 seconds. rn all cases Ëhe foot and 1eg was

elevaËed several inches above the level of the heart. Also, all

paËients were ËreaËed r¿ith bed rest, metículous fooË care, and rnrarm

environmental temperaËure. The auËhors staËed that: ttcalormetric

evidence of an íncrease in the circulation in the dist,al parts of

Ëhe extremities occurred in all 51 patienËs of Ëhe series , yet

L3.73 percent received l-ittle or no relief from their s¡rmptoms.

ForËy-four patients (86.27 percent) were greatly benefíËted by this

form of therapyrt.

This mode of therapy rapidly became popular and oËher reports

appeared in Ëhe liËerature. shipley and yeager (1934) reported

excellent clinical improvement in patients with various clinical

entities. They proposed that: t'such a method has greaË possibilities

as a therapeutic measure, not only in thrombo-angiiËis, arteriosclerosis,

and Ëhe various occlusive disease, but also in ununÍËed fractures,

arthritis (aËrophíc and hypertrophic), frost-biËe gangrene, and

the various circulaËory disturbances thaË result from Ëraumatr.

Conway (1936) reported thaË 80.5 percenË of 36 cases of

arËeriosclerosis showed clinical improvemenË follor^ring treatment

wiËh alËernate sucËion and pressure. He further reported ËhaË

"Passive vascular exercise seemed to have a disËinctly favourable

effect on Èhe healing of graftsrrt but that ttvascular exercise

is not beneficial in cases of advanced diffuse arËeriosclerosis of
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Ëhe exËremityt'.

rn 1935 Allen and Brown reviewed Ëhe literature to that daËe

concerning the use of the pavaex booË and also reported Ëheir ornm

experience with iË. They noËed that in mosË reports in the

literature other forms of supporËive therapy Ì^7ere used. in conjuncËion

with Ëhe pavaex therapy. Thuy pointed ouË that such Ëhíngs as

bed rest, proper foot care and application of judicious heaË are

effecËive in promoting clinical improvement. From Ëheir review

Êhey concluded: "one thing appears quíËe certaín: Ëhe alternate

suction and pressure method of treaËmenÈ has noË produced any

results Ëhat have noË been observed repeaËedly as a result of

simpler methodsrt and rtGood results ordinarily follow changíng

environmental pressure ËreaËment in cases in v¡hich good results

could be expected from other measures, and that when good results

do noË follor,¡ other measures, passive vascular exercíse ís usually

valueless . 
rt

There are several criticisms of this form of therapy. using

the apparatus for only a few hours each day would. produee hemo-

dynamic changes for that period of time only and not during Ëhe

time Ëhat Ëhe fooË was not being treaËed. Fl¡rËheïmore, all paËients

were Ëreated in a recumbent posiÈion wiËh Ëhe foot elevaÉed. This

in iËself is disadvanËageous to Ëhe patienË in Ëhat the elevaËed

position tends to retard arterial blood flor^r. As pointed ouË by

Allen and Brown (1935), Ëhe pavaex treatment was used in conjuncËion

wiËh other forms of Ëherapy and Ëherefore iË is difficult ro

evaluate its own meriËs. The results presenËed. in mosË papers are
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of a clinical naËure with no control dat.a and r¿ith little in the

way of physiological, objective results. The use of changes in

superficial skín Ëemperature as an índication of blood flow may

be unreliable. Simple vascular engorgemenË wiËhouË an increase

in blood flow can cause the skin Èemperature Ëo rise and, furthermore,

merely confining the foot and leg in the treatment chamber r,rould

reduce heat loss and a rise in skin tempeïaËure r¿ould be expecËed

on this basis alone.

The use of the pavaex treatmenË has been abandoned mainly due

to the development of definitive surgical procedures. The pavaex

ËreaËment I¡Ias a cumbersome and occasionally uncomforËab1e method

of ËreaËmenË and it afforded little advantage over more simple

methods of treatment.

F) Poslure

It has been frequently observed that a patienË, with

occlusive arÈerial disease and rest pain, will obtain relief by

danglíng the fooË. trrrhen normaL people, assume the erect position,

blood flow in the feeË usually decreases (Becker and Gaskell L967,

and Folkow 1962), while in patíents with occlusive arterial disease

iË will usually increase (Becker and GaskeLL 1967). The absolute

increase in blood flow may be small, but it is often sufficient

to relieve resË pain. Even though prolonged dependency of an

ischemic foot will produce tissue edemq patients today are eïrcouraged

Ëo use posÈure in their relief of symptoms.

Tn L924, Buerger introduced a series of posËural exercises for

Ëhe treaËment of occlusive arËerial disease. Buerger suggested ËhaË:
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"cerËain passive exercise may be of value in inducing hyperemia

or rubor in the affecËed limb, and therefore, Ëherapeutically

beneficial in increasing the blood supply". The procedure \¡ras as

foLlows: I'The affected lÍmb is elevaËed r¿iÈh Ëhe patient lying

in bed, to from 600 or 9oo above the horizontal, being allowed to

rest upon a supporÈ for from 30 seconds to 3 minuËes, the period

of time being the minimum amounË of Ëime necessary to produce blanch-

ing or ischemia. As soon as blanching is esÈablished, the patient

allor^¡s the foot to hang down over the edge of the bed for, from 2-5

minutes, unËil reactionary hyperemÍa or rubor seËs in, the toËal

period of time being abouË one minuËe longer than that necessary

to establish a good red color. The limb is then placed in a

horizontal posiËion for about 3 Ëo 5 minutes, during whích Ëime an

electric heaËing pad or a hot r¡rater bag is applied, care being

Ëaken to prevenË Ëhe occurrence of a burn. The placing of the limb

in Ëhese Ëhree successive positions consËitutes a cycle, the

duraËion of which is usually from 6 Ëo 10 minuËes. These cycles

are repeaËed over a period of about one hour, some 6 Ëo 7 cycles

consËíËuËing a seance." These exercises gained wide acceptance

for a ti¡ne even though no direct physiological evidence .hras

ever presented as to their effect on blood flow. Elevating an

ischemic foot for 30 seconds to 3 minuËes would have a definite

adverse effecË on arËerial blood frow. Elevating Ëhe fooË did,

however, empty Ëhe veins and this may be beneficial to Ëhe paËíent

in that when the foot, is lowered over the edge of Ëhe bed, blood

flow may increase during the Ëime thaË Ëhe veins are filling.
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Once the veins are filled, the greaÉer arterial-venous pressure

difference across Ëhe veins no longer exÍsËs and blood flow r¿ill

decrease.

Buergerrs exercise are no longer used to any extent in the

management of paÈienÈs. It was generally found that patienËs

received very little relief for Ëhe Ëime spent, and they usually

discontinued the exercises on Ëheir own.

Sanders, (1936) inËroduced the moËorized oscillaËing bed

for the ËreaËment of patienËs with vascular disease in the lower

limb. Ihe bed was first introduced as a treatment for peripheral

edema, but the author recognized xhat patienËs with occlusive

arËerial disease obÈained relief from ischemic rest pain when Ëreated

on the bed. Sanders explained this as follows: t'Physiologícally,

the ímprovemenË is due to tr,üo factors: a) relief of venous sËasis and

back pressure, and b) inËravessel aspiraËion, promoting beËter artenlal

supply.tr The bed alternated the patient between a head-up and head-

down position. In the head-dor,¡n position the veins would empty,

and in Ëhe head-up position Ëhe hydrosËatic pressure in the arte:ries

of the foot was increased. The valves in Ëhe veins prevenËed blood

from refluxing back into Ëhe fooË so that, for a shorË period Ëo

time, very little hydrostaËic pressure existed in the veins. Therefore,

the hydrostaËic pressure Ín Ëhe arteries produced an increased per-

fusion pressure across Ëhe capillary bed which tended to increase

blood flow through the capillaries. This increased perfusion

pressure would slowly diminish as the veins fi11ed \,iith blood

and, therefore, the increased blood flow occurred only

while Ëhe veins were empty or nearly so.
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Barker and RoËh (1939) reported very good clinical results in
patienËs, wiËh rrpretrophic pain, pain of ischemic neuritis and

pain of ulceraËion and gangrene," using the oscillaËing bed. Th.y

also pointed out that the bed produced little change in s¡rmptoms

in patienËs i¿iËh claudicatíon on1y.

fhe oscillating bed is stil1 used in the present day

managemenË of patients with severe rest pain aT,/aitíng surgical

correction or amputation.

In 1948 Scheinberg, Dennis, RoberËson and Stead, studied

the effecË of posËure on the blood flow in the feeË of normal subjects

and one paËienË wiËh arterial occlusive disease of the lower 1imb.

Blood flor¿ determínatÍons, using venous occlusion plethysmo graphy,

were made on the foot in the supine and erect posture after the

veins in Ëhe foot had been empËied by a momenÈary compression of

the foot wiËhin Ëhe plethysmograph. A compression pressure of B

to 15 nrnHg. above standing venous pressure at the fooË, as

calculat.ed from the fourth interspace, was suffícienË Ëo fu1ly

empty the foot veins. The auËhors found Ëhat in all subjecËs,

including the one paËient, blood flow was increãsed. by an

average of.2.5 times in the erect posiËion as compared wiËh the

original resting blood f1or,¡ obtained in the supine posítion.

The duration of the rapid flow produced by empËying Ëhe fooË

of blood while standing erect d.epends upon Ëhe Ëime thaË iË Èakes

Ëo fill the veins of the foot. once the veins are full, Ëhe

Íncrease in venous hydrostatic pressure balances the increase in
arterial hydrosËatic pressure and the flor,¡ through the capillaries



L6

decreases.

These experiments show Ëhe combined effecË of erect posture

and venous emptying on Ëhe blood flow in the fooË. IË is impossible

to show, by this meËhod, Èhe individual conËributíon of either

erect posture or venous emptying alone. It r/¡as proposed by the

authors that a t'peripheral venous pumptt, designed Ëo rhyËhmically

sopty the veins of the fooË, might increase the blood flow in the

feeË of patienËs in the erecË posture.

Similar work was published by Allwood Ln L957. Using venous

occlusion plethysmography he studied the blood flow in the feeË

of normal subjecËs, paËients with occlusive arterial disease, and

paËients wiËh occlusive arËerial disease who had had recenË sympathec-

tomies. In each sitËing subjecË rtresting blood flor¿tt was measured

as the flow in the foot when a collecting cuff pressure of 110,120

nnn Hg. for normal subjects and 80-90 rmn Hg. for patients was used

at Ëhe ankle. If the hydrostaËÍc venous pressure r,^ras more than 50

rmr Hg., the subjecË r¡/as excluded from Ëhe sËudy on Ëhe grounds

that a pressure greaËer than 50 nrn Hg. in the veins filled the

veins to an extent such thaË the use of venous occlusion pleth-

ysmography became invalid. Following Ëhe measuremenË of ttresËing

blood flow" in each individual, Ëhe veins of the foot were partially

emptied Ëo about a venous pressure of. 26 rmn Hg. by rapid, inËermitËenË

inflations of the collecËing cuff. The collecËing cuff was then

inflated Ëo the appropriate col1ecËing pressure and blood flow

measured. In all indivíduals t,esËed, Ëhere üzas arl increase in

foot. blood flow aft.er ttmilkingrt relaËive to 'tresting blood frow".
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The auËhor concluded Ëhat: ttThese experimenËs have shown that

blood flow may be íncreased in normal and pathological limbs by

increasing Ëhe effecËive pressure gradienË local1y by lowering

Ëhe local venous pressure wiËh a pneumaËic cuff used as a muscle-

Pumptt.

ALlwood (1955), in another paper, states that venous pressure -

volume curves obtained, using venous occlusion plethysmography,

show that veins of the foot are maximally distended at go-90 nnn

Hg. hydrosËatic pressure. From thís he concludes thaË at venous

pressures of Solrnn Hg. there ís sufficient furËher disËensibility

of Ëhe venous bed available Ëo make accurate flow measurements.

Hovrever, at a starÈíng venous hydrostatic pressure of 5onrn Hg.

blood flow in the fooË, with the venous collecting cuff inflated,

would be expecËed to raise venous pressure above 50rmn Hg. rapidly

as flow continued thereby, decreasing the arterial-venous pressure

differentíal across Ëhe capillaries. rf this rr¡ere the case, one

would not be measuring true "resËing blood f1ow". A1so, the

pressure in Ëhe occluding cuff during flow measuïements (110-l2Onrn

Hg. in normal subjecËs and BO-9onm Hg. in patienËs) may be high

enough to retard the blood flow in the arteries. Furthermore,

wíËh this Ëechnique, Ëhe author is measuring a combined effecË

of sitËing plus venous pumping on the blood flow in the fooË, and

cannot distinguish the effect of either component a1one. Alh^rood,

however, has indeed shornm Ëhat, in all subjects, sitting, plus

pumpíng, increases the absoluËe blood flow in the depend.ent foot.

Loane (1959), also measured the blood flow in the dependent
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foot of normal subjects in the siËting posiËion after "milking"

of the veins by interrnittent inflations of a cuff placed at, Ëhe

ankle. Blood flow, as measured by venous occlusion pleËhysmography,

heat flow discs of Hatfield, and heat elimination using the

calorimeÈric method. Control measurements rn/ere made simulËaneously

on Ëhe opposiËe foot by each of the three methods. To empty the

veins the collecting cuff was inflaËed to a pressure of ll0nrn Hg.

aË a frequency of 50 times per minuÈe for 10 minuËes. In other

experimenËs, Ëhe subjects Lay horízontally and a cuff pressure of

T0rrn Hg. \¡ras used for both venous collectíon and ltmilkíngt'.

Loane reported ËhaË: rran increase in blood flow in the foot

produced by "milkíngtt has been confirmed by Ëhe three meËhods."

He could, however, show no evidence that ttmilking'r increased flow

in the foot in the lying subject.

l,oane Ëhought that because the veins are full and disËended

in the conËrol limb, blood flor¿ as measured by venous occlusion

plethysmography is probably an underesËimation. "Too low an

esËimaËe of flow in the "unmilked" limb and a correct estimaËe

in the "milked" limb would lead Ëo Ëoo high a value for Ëhe per-

cenËage increase in flor¿ on "milkingt'." The author further

concluded: rrthaË the true increase in blood flow is more accurately

reflecËed by Ëhe calorimetric and heaË flow estímations and that

iË is probably about proporËional Ëo, and not greatly in excess

of, the increase in perfusion pressure.''

Henry and trfinsor (1965), l^rere Ëhe first Lo measure the effect

of mechanically lowering venous pressure on blood flow in the
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dependenË foot of the sitËing subject using clearance of a 1oca1ly

injecËed radioacËive materi"r (r131) as an indicator of blood f1ow.

An inflatable cuff placed around the calf rras used to intermítËenËly

compress the veins. Venous pressure \.iras measured in normal subjects

by direct venous cannulatíon of a foot vein below the cuff. rn

paËíents with arterial occlusive disease the venous pressure in

the foot r¡ras measured indirecËly using a capsule applied Ëo

Ëhe skin overlying a small fooË vein in which Ëhe air pressure

could be adjusted to collapse Ëhe vein. The air pressure, whÍch

would jusË collapse the vein under observation, rras taken as the

hydrostatic pressure in the foot veíns. rn the majoriËy of normal

subjecËs the period of inflation of Ëhe cuff was 3 to 5 seconds

wiËh an off period of 15 Eo 20 seconds. A peak inflaËion pressure

of 60-100nrn Hg. r,ìras applied. However, in patienËs wiËh occlusive

disease, inflation periods of up to 15 seconds were used. at pressures

of 60-10onrn Hg. wiËh an off period of 30 to 45 seconds. rt was

found thaË using Ëhese regimes the venous pressure in the feet

of normal subjecËs and patients, could be lowered Ëo less than

50rrn Hg.

1j1
In Ëhe I*-- str-,dies, each normal subjecË had the test leg

massaged for 3 hours. The opposite leg served as a control and

hras noË massaged. AË Ëhe end of 2 hours massage, a sma1l dose of
r 131r --- was injected into the skin of Ëhe test fooË. The clearance

o¡ 1 131 T^/as measured for 30 minutes. Following Ëhís an equally

smal1 d.ose of r 131 was injected inËo Ëhe conËroI foot and its

clearance measured for Ëhe remaining 30 minutes while massaging of
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foot was injected first.
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alËernaËe experiments, the control

these experimenËs r.'lith normal subjects,

they found that blood flow, as relate¿ to t131 crearance, r.üas

greaËer in the foot of the massaged limb. rt seemed apparent then

that reducing venous pressure in Ëhe foot of síttíng normal subjects

may increase blood flor¿ in that fooË.

rn the paËients with occlusive disease, the 1131 
"l"rrance

studies were conducted in a similar manner as for normal subjects

except Ëhe massage parameters were changed, as noted previously,

and the massage time, prior to the 1131 irr¡.cËíon and clearance

measurements, ü¡as reduced to one hour. The authors found thaË

clearance of 1131 was greater in the massaged limb of patients wiËh

occlusive arterial disease indicating an increase in blood flow

Ëhrough Ëhe fooË.

A second group of paËients were studied in the following

manner. The test limb T^ras massaged for one hour, allowed to rest

for 30 mí.nuËes, afËer r^¡hich 1131 r", injected into the skin of

the Ëest fooË and clearance measures for another 30 minuËes. rn

alËernaÈe experimenËs the control foot was injecËed firsË. The

resulËs of Ëhese experimenËs indicated that flow continued at

a higher raËe in the Ëest foot during Èhe time following massage.

rhe authors felË ËhaË: trrhe continued ímprovement in the removal

of fluid from the Ëissues of the 1eg that had been massaged,

despiËe the absence of pumping action in Ëhe calf for half an hour

prior to and duríng the 1131 clearance run, indicates Ëhat Ëhe

effecË(s) of the massage continue for some time afËer its cessation.tr

In

In
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This apparenË lasting effecË could not be explained. by the authors.

several criticisms of this paper can be made wiËh regards to

their meËhods, and interpretaËion of the results. rn the studies

on normal subjects, the ínflaËion period of the cuff was 3 to 5

seconds, however, in paËients r,rriÈh occlusive disease inflation

periods of up to 15 seconds were employed. rt may be consid.ered,

Ëhat this prolonged compression of the calf, aË pressures of 60-

lOonrn Hg. would Ëend to reËard blood flow into Ëhe foot,, especially

in patients with low perfusing pressures. The fact that the venous

pressure in normal subjects and patients could be lowered only

to approximately 40nnn Hg. indicates that massaging the calf alone

is an inefficient meËhod of lowering venous pressuïe in Ëhe foot.

rt would be of much greater advantage to massage the fooË rather

than Ëhe calf, since this r¿ould tend Ëo lower venous pressure in

Ëhe foot to well below 4Onrn Hg.

The experiments could have been much better controlled if

clearance of 1131 in the tesË foot and the control fooË were

measured simultaneously using Ëwo counters, or betËer sËill, Íf

the tesË foot served as its ov¡n control by measuring clearance

for a time prior Ëo massage and/or inrnediately after massage.

Furthermore, iË is difficult to compare the clearance rates of

f\'^ro separate injectíons in different limbs since the injections

cannoÉ be made in exacËly Ëhe same manner and therefore, Ëissue

disËribution of the 1131 would tend to vary. Also, ÍË is impossible

to accuraËely compare the clearances i-n Ëhe feet, of a patíent

wiËh occlusive arterial disease, since the circulation in Ëhe two

limbs cannot possibly be the same. The tesË foot must, therefore,
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serve as its or^7n control.

rhe authors noted that: "The effecËs of the massage continue

for some time aft.er its cessation.tt They could not explain this

apparenË lasting effect. on close analysis T¡ze can see Ëhat this

apparenË lasËing effect may not result from Ëhe massage aË all,

buË could be adequately explained by the fact that merely sitting

a paËient, wiËh occlusive arterial disease, will increase blood

flow Ëhrough the dependent fooË, (Gaskell and Becker Lg67),

and it is conceivable thaË compressing the calf of a patíenË with

low perfusing pressures, for as long as 15 seconds and at pressures

of 60-100nrn Hg. would acËually cause an overall decrease in blood

flow Ëhrough the foot relative to the flow that would occur by

merely having the foot in a dependent position.

From this review r,rre can see Ëhat many modes of therapy have

been proposed for the treatmenË of peripheral arterial occlusive

disease. Many of Ëhese have been abandoned. for various reasons,

while others have been retained for certaín situaËions. The

concept of a venous pump for improving brood flow is not new,

however, no good sËudies in the literature have-provided good

physiological grounding for iËs use in patient,s wiËh occlusive

disease. trrle will, in this presenË study, provide this evidence

and on thaË basis propose the use of a venous pump in the manage-

ment of selected patients wiÈh peripheral arterial d.isease.
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TIIE PROBLEM

rÈ has frequently been observed that paËienËs with occlusive

arterial disease of the lower limb, severe enough to cause ischemic

resË pain, ofËen obËain relief on placing Ëhe foot in a dependent

positÍon. The relief of rest pain results from the added hydro-

static pressure in Ëhe arteries and collateral vessels in the 1eg

distending Ëhe col1aËera1s so that more pressure energy is available

in the fooË to increase blood flow. This increase in pressure in

Ëhe foot may be small in magnitude and Ëhe resultanË increase in

flow may be correspondingly small in terms of absoluÈe flow, buË

iË is often enough to increase Ëissue perfusion to Ëhe exËent

of relieving ischemic pain.

However, on assuming the upright posit.ion a hydrosËaËic head

of pressure is also created in Ëhe veins equal Ëo Ëhe hydrostatic

pressure on the arterial side of the circulaËion. This venous

hydrostatíc pressure, if maintained for long periods of time, rvill

produce Ëissue edema. Occasionally, Ëhe amounË of arterial obstruction

is severe enough to cause rest pain even when the foot is lowered.

ïf one could effectively lower Ëhe venous pressqre in the foot of

a sÈanding or sitting paËienË and keep iË lowered, while maintaining

the increased arterial pressure, one could avoid edema an¿ increase

the pressure difference across Ëhe capíllary bed., and thereby

further íncrease tissue perfusion, affording relief of resË pain

and promoting healing of ischemÍc changes in the tissues.

venous pressure may be lowered in a number of T¡zays. Active

muscle exercise will compress the veins and drive blood Ëoward the

heart. This, however, has Ëhe disadvantage thaË exercising muscle
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requires an increase in blood flow and the added flow required may

be more Ëhan the resulÈing íncrease in perfusion pressure can provide.

Postural manoeuvers, wheËher performed by the patient, or on the

sanderst oscillating bed, will 1or¿er venous pressure, but the paËient

receives the beneficial effect only while Ëhe foot is dependent,

and the effect lasËs only until the veins fill. Here a1so, the

pressure difference across Ëhe capillary bed s1ow1y decreases as

the veins fill causíng blood flow Ëo slowly decrease. An effective

meËhod of lowering verì.ous pïessure, provÍ-ded the valves ín Ëhe veins

are competent, is by mechanical, pneumatic, intermítËent compression

of the foot veins using a pressure high enough to completely collapse

Ëhe veins, without interfering to any exËent wíth arterial inflow.

several reports in the liËerature (Allwood, Lg57: Henry and l,Iinsor

1965; Loane 1959) show thaË venous pïessure can be effectively

lowered and mainËained aË a low pressure using Ëhis technique.

These authors, however, do not supply sufficienË evidence to

show that this technique produces any beneficial effect on blood.

flow and tissue perfusion in paËients wíth occlusive arterial

disease

Maximum increase in blood flow in the dependent foot r¿ou1d

be obtained if the foot were briefly compressed (2-3 seconds)

at appropriate inËervals to maintain the venous pressure at a

mínimum. A compression pressure should ideally be high enough

to fully collapse the veins and yet ínterfere wíËh arterial flow

as 1iËtle as possible. DaËa concerning Ëhese factors is unavailable

in Ëhe literature.
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rt is our objective to provide the above menËioned data

and to sËudy Ëhe effectiveness of a pneumatic venous pump in

increasing blood flow in the foot as indicaËed by Ëhe clearance

from Ëhe tissues of a radioacËíve tracer. Further, T,re would

like to propose mechanical, inËermitterit venous compression, using

a pneumatic venous pumpr as a rational mode of Ëherapy for patíenËs,

with severe ischemic occlusive arterial disease, who for various

reasons are not inrnediately amenable to surgical correcËion.
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The effectiveness of an ínflaËable plastic booË, employed as

a venous pump, in l0wering venous pressure was studied in normal

subjects and patients with occlusive arËerial disease of their

lor¿er limbs. All subjecËs considered ,normalrr T,,rere l,,Iinnipeg

General Hospital employees, of both sexes, who had no symptoms

or signs of peripheral vascular disease. All patients were

evaluated clinically and with measuïement of 1ocal systolic

blood pressure at ankle level. ArËeriograms were available for

most patients and careful note was made of the siËe of occlusion

as well as col1aËera1 vessel developement.

The inflatable boot r¿as made of a single layer of clear,

flexible, vinyl plasticand fitËed over the entire foot. The top

of the booË was adjusted to fiË snuggly, but not tighËly around the

ankle. The Ëoe end of the boot was open and fitted r,,rith a broad

brass ring held fírmly'in place wiËh elasËic bands. A large, removeable

rubber stopper fit Ëightly inËo the brass ring and carried: an

aÍr line from an air reservoir Éo inflate the boot, a pïessure

transducer to measure pressure changes within Ëhe boot, and a

connector tube (4r high pressure luer lock injecËion and

moniËoring line with male and female luer locks, code LaboraLories,

ïnc. Denver, colorado) joining the cannula in a fooË veí.n Ëo a

second exLernal pressure Ëransducer. A 15 cms. wide cuff shaped

to fíË snuggly on a cone T¡ras connected to a separate air pressuïe

reservoir. rnflation of cuff (hereafter referred to as Ëhe

"occluding cuff") served Ëo seal the top of Ëhe boot around the

ankle, and to govern the maximal attainable air pressure in the
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booË. rnflation and deflatíon of the occluding cuff and of the

booË was controlled by their separate, buË linked, tíming switches
:k which could be regulaËed to give the desired inflation period.s.

The pressure in the booË was regulated by setting the inflatíon
pressure for the occluding cuff Ëo Ëhe desíred booË pressure and

providing a reservoir air pressure for the boot inflaÈion well
above this. The reasons for such a system will be dealt wiËh in
the discussion. Prior to the insertíon of the fooË inËo the

boot, a thermistor probe (yellow springs rnstrumenË co., rnc.

probe no. 42r used with Tele-TherrnomeËer Model No. 43TA), for
recording skin temperaËure, T^ras taped to Ëhe dorsum of the

forefoot and its lead brought out of the boot along the ankle.

The fooË, within the booË, ï^ras also enclosed in orËhopaedic

stockineËte and cotton dressings to prevent heaË loss.

The ínflation appaïaËus consísted of two, five ga1-1on

reservoir Èanks, one each for the boot and cuff, connected to

a high pressure air source through their separate reducing

valves. Delivery of Ëhe air pressure, to Ëhe boot and Ëhe

cuff, üzas conËrolled by Èwo separate solenoid air valves operaËed

by Ëhe electronic timing device. The infLation apparaËus and the

plastic booË will from now on be called the rrmechanical venous

pump" ( figure 1)"

(The special electronic timing switches were designed and
manufactured by Mr. M. Raber, DepartmenË of Bioengineering
trIinnipeg General Hospital)
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Figure 1 - Mechanical Venous Pump

1. Air pressure valve
2. Reducing valve
3. Air pressure reservoir
4. Sol-enoid aír valve
5. Timing swiËch
6. Occluding cuff
7, Compression boot
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For measuring venous pressure in the foot, a vein with

several tributaries \,ras selected and cannuLated wiËh a number

18 ôr 20 Jelco intravenous caËheter. rhe venous catheter r¡ras

connected to a pressure Ëransducer through the section of high

pressure tubing, noted above, and a 3-way stopcock. patency

of the cannula was maintained by a conËinuous very slow flow

or normal saline, through the side-arm of the stopcock from a

reservoir under high pressure, forcing the saline through a hÍgh

resístance connected to Ëhe stopcock. (Gaskell 1953). A second

3-way stopcock connecËed to the transducer dome allowed rapid

flushing of the sysËem when desired. The Ëransducer was supporËed.

at the 1evel of the cannula in the fooÈ vein.

The pressure measurements hTere recorded by a Beckman offner

Tlpe R dynograph at a paper speed of lOOrmn/minute.
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VENOUS PRESSI]RE STUDIES

The objectives of the venous pressure studíes r^rere to determine

the ability of the venous pump to reduce Èhe venous pressure in

the foot and how this is affected by various compression pressures,

compression periods, compression intervals (time interval from

the beginning of one compression to the next), and delay periods.

(time interval beLween inflatíon of cuff and boot). preliminary

experiments revealed that a compression pressure equal to sitting

venous pressure plus 10rrn Hg., a compression period of 2 seconds,

a compression inËerval of 15 seconds r,üas effecËive and practical .

using Ëhese as sËandard settings, the effect of varying each

parameter was determined individually. rhe compression pressure,

increasing by 10nrn Hg. incremenËs, ranged from 20mm. Hg. below

to 40nrn Hg. above sitting venous pressure. compression period.s

ranged from 0.5 to 4 seconds r,zíth 0.5 second incremenËs. Compression

intervals of 5, 10, 15, 20 and 30 seconds, and delay periods of 0,

0.5, 1 and 2 seconds were tesËed.

venous pressure measurements \n/ere made on B normal subjecËs

and 3 patients under controlled room temperaËure of 2ooc. Each

subjecË, covered r¿íth an electric heating blanket, r^7as seated. on

a circolecEric bed, (stryker circolectríc universal Hospital Bed

Model 460, stryker corporaLion, Kalamazoo, Michagan). The subjects

were kept comforËably warm so that Ëhe skin temperature of the

forefooË, wíthin the boot and coËËon paddÍngrwas maíntained between

3244oc unless otherwise stated. sitting brachial blood pressure
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\^/as measured by auscultaËion. HydrosËaËic venous pressure, at the
foot r¿hile sitting, r^ras calculaËed using 1.06 and 13.56 as the
specific gravities of blood and mercury respectively.

T\qo normal subjects and 1 patíent r¿ere also studied in the
leaning-standing positíon on the Ëi1ted circolectric bed.

The effecr of intermittenly ínflaËing the occluding cuff
on1y, as a venous pump was studied in 3 patients, using compression
pressures of 50-16ùrrn Hg. and compression periods of 1 to 3 second.s.

The effect of a combined calf and fooË boot, employed.

as a unit, T^ras studied in 1 normal subject.
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BLOOD ELOIII STUDIES

Kety in 1949 showed that blood flow from a vascurar bed

could be accurately estimated by measuring the clearance of a

radioactive subsËance from the vascular bed. rn thís study xenon
133 rüas used as the rad.ioactive material to estimaËe the blood

f1 ow.

The objecËive of the xenon 133 
"1""rance studies was Lo

determine the effect of Ëhe mechanical venous pump on blood

flow through the skin of Ëhe foot in síËting paËients r¿iËh

arterial occlusive disease of the lower lfub. The change in
blood flow that occurred when the subjecËs were changed. from

a supine Ëo siËting position üras determined as well so that the

combined effect on blood flow of the erect posture and the venous

pump could be estímaËed. To accomplish this, x.133 clearance,

from a subdermal injection jusË proximal to the toes, on the

dorsum of the test foot, was monitored in 4 normal subjects

and 2L patients in the following positions and circumstances:

A Supine

B Sitting

C Sitting

D Sitting

E SitËing

F Sitting

G Supine

- no pumpíng

- no purnping

- pumping test foot

- no pumping

- pumping opposite foot

- no pumpíng

- no pumping

In 5 patienËs Ëhe order of C & E were reversed..
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on Ëhe assumptíon that the rate of blood flow in the

tissue being cleared is proportional to the clearance rate of
xe 133 and. Ëherefore, inversely proportionar to the half-tíme
of xe133 clearance in minutes, the half-times for Ëhe clearances

were obÈained graphíca1ly from the semi-10g pl0ts of radio-
activity remaining in the tissues, measured. over each succeeding

30 second period. The clearances over the fírst 5 to 10 minutes

ínrnediately following a change of posture or circumsËance r,,ras

ignored when drawing, by inspection, the best fit lines of the

p1ot. Thus approximately 20 minutes of conËinuous record.ing

was available to índicate the proper slope of Ëhe line. The

injection of xe 133 *" made at least 20 mínuËes before any

test monitoring was begun so thaË the gas would. have come

into good equilibrium in Ëhe tissue.

The relaËive changes in blood flow resulting from changes

in posture or circumstance as lisËed. above were calculaËed from

the half-times of the clearances and expressed as a percentage

increase or decrease in raËe of blood flow in Ëhe Ëest foot
according to the following formulae:
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1. PercenËage change in blood flow in the test foot as a resulË

of sitÈing relative to lying

A&G
2

-1 x 100%

B&F
2

where Ëhe letters refer to Ëhe half-times in minutes for the

corresponding designated positíons and círcumsËances listed.

above and the result represenËs the average effect of Ëhe two

changes in posture at, Ëhe beginning and end of the proËocol.

2. Percentage change in blood flow in the test fooË caused

by pumping the Ëest fooË while siËËing:

B&D
2

-1 x 100%

C

r¿here the average of the blood flow during the periods before

and afËer the pumping is taken as representing Ëhe inítial or

conËrol blood flow.

3. Percentage change in blood flow in the tesL foot caused

by pumping the opposíte foot while sitting:

D&F
2

-1 x 100%



35

Formula (2) wí1l give Ëhe change in blood flow caused

by both loca1 and direcË effecËs of venous pumping in Ëhe test

fooË and any general vasomoËor reflex alËerations resulting

from the pumping.

Formula (3) will allow estimation of the effects of general

vasomoËor reflex alteraËions during pumping.

subËracting the result obtained by forrnula (3) from that

obtained by formula (2) will give an estimation of the percentage

increase in blood flow in Ëhe tesË fooÊ resulËing from the local

direct effects of venous purnping. rt is realized, of course,

that alËeraÈions in Ëhe general vasomotor state, and that of

the test foot, may occuï independently of the use of the mechanical

venous pump or change in posture.

The sum of the results of applicaËion of formulae (1) and

(2) will give an estimate of Ëhe combined. effecË of the erecË

posture and use of the mechanical venous pump, both of which

are expected to increase blood flor¿ in the foot supplied by

markedly obstructed main arteries

The significance of the changes in rate of blood flow

resulting from changes in posËure or circumstance r¿ere tested

by ttstudents'r T Ëest for paired d.ate.

In carrying ouË the experiments, each subject was made

comforËable on the levelled circolecËric bed in the conËrolled

ËemperaËure room (20oc). prior to the insertion of Ëhe test

foot into the boot, 30 to 50 microcuries of xe133 in saline
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(not more Ëhan 0.1m1.) was injected jusË below the skin 3 cms.

proximal to the cleft between the fírst and second toes.

Compression boots were applied to each foot and general arrangement.s

T¡/ere completed in the same manner as in the venous pressure

studies buË omitting the venous cannula, After at least 20

minutes, to allor¿ tissue disËribution of the Xe133, the

scínËillaËion probe, with a sodium iodide crysÈa1, \¡ras moved

over the injecËion site and maintained at 6 cms. above the site

for the duratíon of the study. Radio-acËiviËy remaining in the

Ëissue hras recorded in counts per minut.e aË intervals of 30

seconds by a Radiation Count,er Laboratories Incorp. Four Hundred

channel Ana]-yzer. AË the end of the experíment, the analyzer

typed out the counts per minute for each 30 second interval of

Ëhe experiment and Ëhese were in turn plotted by hand on semi-

1og paper for analysis as previously noËed. Care was Èaken

to keep the foot as sti1l as possible, and brachial blood pressure

and fooË skin temperaËure, wiËh the tempeïature probe aË Ëhe

level of the injection siËe, were monitored periodically.
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CLINICAL TRTAL

one patient, Mr. E. c. with severe rest pain in his left

fooË and superficial interdigital ischemic ulcers, r{as treated

r,riËh intermittent venous compression. The patient, aged 74,

had been at home sufferíng from his rest pain for approximaËely

10 days r¡riËh little relief of the pain on dangling the foot.

The mechanical venous pump !/as applied to the foot of the sitting

patient and set to compress Ëhe fooË for 2 seconds every 15

seconds at a compression pressure of 55nrn Hg. This regime T¡ras

maintained continuously for 100 hours, while the patient

awaiËed surgical correction, stopping only to give fooË care

Êwice a day. The patient hras encouraged to move his feet during

the treatmenË. The venous pump ï^ras removed 1g hours prior to

surgery Ëo a110w preparation of the fooË and 1eg for surgery.

After removal of pump rest pain returned. and sËrong analgesics

were administered in an aËtempt to alleviate Ëhe pain.



RESULTS
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RNSULTS

clinical data on 23 patients on whom successful experiment.s

r,rere carried ouË ís presented in Tables ü, B and C. Appendix

A includes diagrams of Ëhe arterial lesions and collateral vessels

in the lower límbs of most of Ëhese patients as seen in arteriograms.

Among Ëhese patients, 16 had supine local systolic blood pressure

aË ankle level of 65rmn Hg. or less in Ëhe Ëest limb and of thesc

7 suffered frorn resË pain.

rn the xe133 clearance experiments, Ëhe rad,ioactiviËy counts

of the xe133 remaining in the tesË fooË obtained every 30 seconds

for approximaËely 20 minuËes, r,üere ploËËed on semilog paper and.

best fit lines were drawn by inspection. ThirËy-four paËients

were sËudied in Ëhis manner, but 13 patients r/üere del_eted from the

sËudy for various reasons. some were unable Ëo complete all
phases of the experiment because of prolonged inrnobilÍty during

Ëhe tesÉing while others with severe rest pain could not toleraËe

Ëhe supine positiorls nor the nonpumping períods. several paËienËs

were omiËted because their plots from the radioacËiviËy counts

r¡7ere so erraËic, due to changes in vasomoËor Éone and foot posiËion,

thaË meaningful curves could noË be drarnm. The following data

on blood fl-ow studies concerns the 21 patienËs r¿ho had successful

experiments.

FÍgure 2 shor¿s the plots obtained from a patient in an

unsuccessful experi¡nent. The p1-oËs are too erratic to draw radio-

activity clearance curves. Figure 3 exhibiËs Ëhe curves d.rawn

from the plots of a successful experiment.
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T A B L E IA-PATIENTCTINICALDATA

PATTENT SEX AGE DIAGNOSTS COMPT,AINT DIIRATION

A"D. M 53 Atherosclerosis None
Diabetic 2 years
Bilateral_ exËernal
iliac occlusíon

P. Mc M 58 BilaËeral Bilateral 4 years
superficial claudication
femoral occlusion 1 biock
Atherosclerosis Rest pain

left foot 2 r,veeks

I^I.4. M 63 Atherosclerosis Right 9 years
Right exËernal claudication
iliac stenosis 1 block
RighË superficial
femoral occlusion
Left superficial
femoral occlusion
Left exËernal
iliac sËenosis

C.P. F 4L Left external ClaudicaÊion 2 years
iliac stenosis 1efË 3 blocks
DÍabetes 15 years
Atherosc leros is

J.C. M 64 Atherosclerosis Right claudication
Right superficial 1 block 2 weeks
femoral occlusions
Left superficial
femoral occlusíons

I4I. F. M 73 Atherosclerosis LefË 2 weeks
Left superficial claudication
femoral and L, bLock
popliËeal occlusíons Left rest pain 2 rnreeks
Right superficial
femoral occlusions
Diabetes 7 years

T.G. M 40 Atherosclerosis Right claud- 4 years
Right common ication 1
iliac occlusion block
Left external
iliac stenosis

L.S. F 46 AËherosclerosis ClaudicaËion 5 years
BilaËeral Super- | b1-ock
ficial femoral
occlus ions
Seeondary to infection
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TABI,E IA(continued)

PATIENT SEX AGE DIAGNOSIS COMPTAINT DI]RATION

D.E. M 7I Atherosclerosis Left rest 1 day
Bilateral super- pain
ficial femoral
occlusíon
LefË conrnon
femoral occlusion

N.H. M 58 Atherosclerosis Right claud- 1 year
Right superficial LcatLon I
femoral occlusion block
LefË superficíal rest pain 2 weeks
femoral sÈenosis

J.P. M 54 Atherosclerosis None
BilaËeral super-
ficial femoral
occlus ion
FrosË bite righÉ
fooË

F"H. M 65 AËherosclerosis Right claud- 1 year
Bilateral super- ícation 1
ficial femoral block
occlusion Left claud-

íeatíon \
block

H.H. M 77 Atherosclerosis Right claud- 1 year
Right superfi- ication 1
cial femoral block
occlusion Right super-

ficial femoral
occlusion

S.T. M 68 AËherosclerosis Claudication 1 year
LefË superficial 1 block
femoral occlusions

P.T. M 49 AËherosclerosis Left claudi- 1 year
Ríght cofltrnon cation 1
femoral occlusions block
Left superficial
femoral occlusions

H.S. M 67 Atherosclerosis Right claudica- I year
BilaËeral super- tion 1 block
ficial fernoral
occlus ions
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T A B L E IA(continued)

PATIENT SEE AGE DIAGNOSIS COMPLATNT DIIRATION

L.B. M 66 AËherosclerosis Left claud- 2 years
BilaËeral cortrnon ication 1
iliac stenosis block
BilaËeral super-
ficial femoral
occlus ions

E.C. M 75 Atherosclerosis Claudication 6 months
Left superficial L, bl-ock
femoral occlusion Rest pain 2 weeks

R.I^I. M 69 Atherosclerosis Claudication 2-3 years
Right coÍtrnon I block
iliac occlusion
Left conrnon
iliac sËenosis
Abdominal aneurysm

D.T, M 63 Atherosclerosis Claudication 3 monËhs
Right superficial L, bLock
femoral occlusions
Left occlusions
of aorËo-femoral
grafË

H.G. M 64 AËherosclerosis Left claud- 2 years
BilaËeral super- Lcati.on I
ficial femoral block
occlusions LefË resË 6 months
DiabeËes pain

L.F. F 64 Atherosclerosis Right claud- 1 year
Right superficial LcatLon \
femoral occlusion block

J.R. M 82 AËherosclerosis Right claud- 1 year
Right superficial ícation I
femoral occlusion block

ResË pain 3 months



42TABLE IB - PATIENT qLTNICAL DATA"

PATIENT P EVIOUS SURGERY PULS

A.D.

P.M.

I^I.4.

c.P.

J. C.

I^I. F.

T. G.

L. S.

D. E.

N.H.

J. P.

F.H.

H.H.

S. T.

P. T.

H. S.

1969 í-1-ío-femoral bypass
l97I aorto-bifemoral graft

Left aorto-femoral bypass
-L968
Right iliac endarËerecËomy-
1968
LefË sympathecËomy

NONE

NONE

NONE

Right femoral popliteal
vein graft - 1968

NONE

Right femoral-pop1iËeal
bypass( infecËed)

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

F

"R.4
L.4

R.3
L.3

R. 1

L. 3

R.4
L.2

R. 1

L.4

R.3
r.3
R.0
L.4

R.2
r.3
R.4
L.4

R.3
L.4

R.4
L.4

R.4
L.4
R.4
L.4

R.4
L.4

R. 1

L.3

R.4
L.4

P. T. D.P.

22
22

00
00

P

3
1

0
0

0
0

4
2

0
3

3
0

0
4

0
0

0
0

0
0

0
0

0
0

0
3

4
0

0
0

0
0

0
0

4
L

0
3

0
0

0
4

0
0

0
0

0
0

0
0

0
0

0
3

3
0

2

0

0
0

0
0

4
2

0
3

0
0

0
4

0
0

0
0

0
0

I
1

0
0

0
3

3
0

2

0

0
0
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T A B L E IB-PATIENTCLINICALDATA-(conrinued)

PATIENT PREVIOUS STIRGERY PULSES

L.B.

E. C.

R.I^I.

D. T.

H. G.

L.F.

J.R.

NONE

NONE

NONE

AorËo-bifemoral graft-L97 L

Bilateral s¡rmp athecËomy
-L972

NONE

NONE

FP

R.3 0
L.3 0

R.4 4
L.4 0

R.0 0
L.2 0

R.3 0
L.0 0

R.4 0
L.4 0

R.3 0
L.4 4

R.3 4
L.3 0

P. T. D.P.

00
00

33
00

00
00

00
00

00
00

00
44

40
00
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T A B L E IC-PATIENTCLINICALDATA

PATIEIM BRACHIAL B.P. ANKLE BLOOD PRESSI]RE FOOT BLOOD PRESSI]RE
RIGI{T LEFT RIGHT LEFT

A.D.

P.Mc

I^1.4.

c. P.

J. C.

I^1.F.

T.G.

L. S.

D.E.

N.H.

J. P.

F.H.

H.H.

S. T.

P. T.

H"S"

L.B.

E. C.

R.I,{.

D. T.

H.G.

L.F.

J.R.

L27 /75

LLs/7 s

tLjl 66

t3B/78

L28/76

L40 /78

t30 / 8s

Ls} / 90

L3B/ 68

LL9 / 66

L40 I 68

Lt3/ 68

L60 /77

L40 / 89

Ltg /78

r27 /7s

L55/ BL

L30 / 82

L60 / 87

Lr4/70

LLs/77

r30 /70

L40 / 89

73-78

60-65

L20-L25

45-50

128- 133

:r 65-70

"k 50-55

53-58

:r 28-33

* 78-83

z'¡ 48-53

L43-L48

I22-I27

73-7 B

cc 60-65

90-95

L25-r30

:T 62-67

70-7 s

76

* 65-70

L47 -Ls2

ic 60-65

83-BB

80-85

B5-90

27 -32

1 15- 120

93 -98

:k 50-55

73-78

90- 95

57 -62

:k B0-85

:k 58-63

'.'c 60-65

70-7 5

BB-93

33-38

108- 113

30-3s

Unable

13s- 140

3B-43

60-65

70-7 5

43-48

45-50

73-78

145- 1s0

Lt5-L20

50-55

78.83

40-45

38-43

68-73

43-48

70-7 5

s0-55

60-65

60-65

70-7 5

r43-r48

L23-L28 iç 82-87

.L

:k TesË FooË
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\TENOUS PRESSI]RE SI'I]DIES

The sËandard venous pump consisted essentially of the

plasËic boot coveríng the fooË and sealed aË the ankle b¡l.separaËe

inflations of an occluding cuff. Results indicaËing Ëhe effective-

ness of this arrangement in lowering venous pressure at Ëhe fooË

are presented here.

The effect,iveness of various compression pressuïes in Ëhe

foot of Ëhe erect subjecË was sËudied in B normal subjects and

4 patients. compression prèssure r¡ras varied while Ëhe other

parameters for the mechanical venous pump T/üere kept constanË.

rn all subjects the minimum venous pressure obtained fell as

compression pressure \^ras increased towards sitËing venous pressure

in the foot. (figure 4)

Maximum lowering of venous pressure occurred when the compression

pressure reached approximaËely each subjecËst siËting venous

pressure (figure 5 and 6). rË should be noted that compression

pressures well bel0i¿ sitËing venous pressure are capable of

partially emptying Ëhe veins and lowering venous pressure.

A single compression, at least equal to sitting venous

pressure also lowered venous pressure to within a few nnn. Hg.

of the minimum venous pressure obtained following a series of

compressions, ho\nrever, the veins T,rere not emptied quite as much,

as indicated by a more rapid venous filling (figure 7).

ït is ímportanË not only to reduce venous pressure, but

to mainËain it at a low level. The abiliËy of the venous pump

to empËy the veins and maintain a 1ow venous pïessure may be

indicaËed by the venous fillíng time. This is the time required
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FIGURE 5. The rela.tionship between the compression pressure
used Ín the mechanica,l venous pump a,nd Ëhe minimum venous pressure
obtained in the foot in norma.l subjecLs.

Lov¡est minimum venous pressures were obEained when the compression
pressure f¡74,s a,pproximately equa,l Ëo sitting venous pressure. Note that
in subject E.T. simultaneous compression of the leg and foot contained
within a single long-legged boot wa,s not a,s effective in lowering venous
pressure in the foot as the sta.nda,rd boot. The la,tter \¡ra,s ca,pa,ble of
reducing venous pressure effectively in the standing (p.G., D.R.) as
well a,s the siLLing subject.
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FIGURE 6. The rel-atíonship between the compression pressure used
in the mechanical venous pump a,nd Ëhe mÍnimum venous pressure obta,ined in Ëhe
foot in patients wíth a,rterial occlusive disea,se in the lower 1imb.

Lol^lest minimum pressure wa,s obta,ined when compression pressure \¡ta,s
approximately equa,l to siLting venous pressure. NoËe tha.t in pa,Ëient D.T.,
use of the ankle occludÍng cuff only as the venous pump dÍd not reduce venous
pressure as well as infla.tion of boot a,nd cuff .
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for Ëhe venous pressure Ëo regain the maximum value following

the lasË compression period. Figure 8 illustrate some venous

filling tímes, observed in 6 normal subjects, plotted against

the compression pressure in the venous pump. rt is of noÈe ËhaÈ

Ëhe venous fillÍng Ëimes plotËed for normal subjecËs and for

patients are single values observed following a series of

compressions aË each compression period.

ït is evidenË ËhaË venous filling time varies among the

normal subjects even though skin Ëemperatures for each are comparable.

It is also apparent, e.g. D.R., that, venous filling Ëime in

any individual, as mighË be expected can vary independenÈ of

compression pressure and this variabilíty in normals makes it

difficulË Ëo discern a regular paËtern ín Èhe relationship between

venous filling time and compression pressure. Ilowever, Ëhe overall

picËure does suggest that venous filling time increases wiËh

increasing conpression pressure unËil it is above sitËing venous

pressure. Note Ëhe example of Ëhe effecË of Ëemperature on

venous filling time in Ëhe results obtained for subject B.S.

(figure B). The venous filling times observed in D.R. illustraËe

hor¿ this parameËer is influenced by compression pressure, but

in addiËion the prolonged venous filling Ëime observed when

standing may be the result of increased vasoconstrictor Ëone in

Ëhe fooË vessels as a result of the postural change from sËandíng

as opposed Èo sitting.

In the 4 paËients for whom this informaËion is available

(figure 9), the relationship between venous filling Ëime and
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FIGURE B. The rela,tionship between the compression pressure used
in the mechanica,l venous pump a,nd the venous filling time in norma,l- subjects.

In most subjects Ëhe venous filling time was longer with compression
Pressures equal Ëo or higher tha,n the sitting venous pressure in the fooL.
The sitting venous pressures in these subjects \^rere: c.M. = 34, B.s. = 44,
L.V. - 42, B.C. =49, D.R. = 45, and S.G. = 45 mm Hg. The sËanding venous
pressure for D.R. was 87 mm Hg.

Note the effect of a lower local temperature in subject B. S.
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The sítting venous pressuresín the feet of Ehese paËíenEs r¡rere:
A.D.=34, D.T.=42, L.F.=39, a.nd J.R.=45. There is a, more regular
pa,ttern discernible in these results than in those obtained in the
normal sub jects.
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compression pressure is more regulaï; the venous fi1_ling time

increasing to a maximum when compression is abouË equal to siËËing

venous pressure. The venous filling time, wíth cornpression pressure

above venous pressurerïüas usually well aÞove 15 seconds even

in Ëhe warm fooË, though in J.E., it ís close to 15 seconds in
spite of a supine ankle pressure of 38-43 rrrn Hg.

rt is apparenË that the duration of Ëhe compression period

r¿il1 influence the minimum venous pïessure obtained by the purnp.

Too short a period will not al1ow time for developmenË of the

desired pressure (panel A, figure 10). rt was found thaË

compression periods of 1.5 to 2.0 seconds produced maximum

lowering of venous pressure, and longer compression periods of
3-4 seconds produced 1itt1e added effecr (figures 11 and 12)

It seems apparent from the results in normal subjects

(figure 13) and paËienËs (figure 14) rhar there is liËtle
advantage to be gained in emptying Ëhe veins, as judged by venous

filling time, by increasing the compression period more than 2

seconds under the circumstances of our experiment.

ïn normal subjecËs, excepË for D"R., venous filling Ëime

increased slowly as compression period increased. (figure 13).

rn patients, maximum venous filling time was reached. at 1.5 to

2.0 seconds, thereafter longer compression period,s produced. no

further increases ín venous filling time ( figure 14) .

ït will be obvious Ëhat as compression inËerval is lengËhened,

the venous pressure just prior to the nexË compression will be

hígher. Prolonged compression intervals wiLl allo\4r the venous
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FÏGURE 11. The relatíonship between the compression period andminimum venous pressure obtained in the foot using thà mecha.nical venousín norma,l subjects.
shorter periods than 1.5 seconds \^rere inadaqua,te for obtaÍning

minimum venous pressure v¡hile 2.0 seconds appeared to be satisfactory.
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FIGURE 12. The relationship beËween the compression per'íod and theminimum venous Pressure obtained in the foot using the rnechanica.I venous pumpÍn paEients wiËh occlusive arterial disea,se in the lower limb.
Note that when Ëhe ankle occluding cuff only was used as the venouspump on pa'tient L.F., compression periods even a,s long as 3 seconds did notlower venous pressure to the same exËent a,s the standard boot.
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pressure to rise to siËting venous pressure and the advantage

of an increased arterio-venous pressure difference is lost.

rË appears from figures 15 and 16 that an interval of about 15

seconds is short enough to maintain a reduced venous pressure

in essenËially all patients yet long enough to be practical-

the compression period of 2 seconds being only a sma11 porËion

of ít.

The effect of varying the delay period beËween cuff and

boot inflation was studied in 2 normal subjects and 2 patients.

In all subjects, delays of 0 to 2 seconds Tirere equally good

and none adversely affecËed Ëhe extent to which venous pressure

could be lowered by the pump (figure 17).

The mechanical venous pump .t,ras capable of adequaËely

reducing venous pressure in the foot when the subject was in

the leaníng-standing posÈure. As in the siËting subject,

1or,¡er minimum venous pressures were attained as compression

pressure increased unËi1 compression pressures .equalling

standing venous pressures were reached, thereafter, no further

fall in venous pressure occurred (figure 5 and 6 ).

Similarly, as Ëhe compression period was prolonged up

to 2.5 to 3.0 seconds, minimum venous pressure attainable

become lower. Thus, generally longer compression periods

I,Iere required to atÉain minimum venous pressures than when the

subjecË r¿as sitting (figure 11 and 12). fhis is understandable

since the pressure within the boot rntrst be raised Ëo a higher leve1 and
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FIGURE L6. The relationship between the compressíon interval and the
venous pressure in Ëhe foot during use of the mechanical venous pump in patients
with arterial occlusive disease in the lower 1imbs.

The supine local systolic blood pressure at ankle level in these patienEs
\^ras: J.R. = 38 - 43, L,F. = 65 - 70, a.nd D.T. = 30 - 35 rnm Hg. Skin temperature
of the forefoot at the time of the venous pressure studies was 32 - 34oC.
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the blood in the veins displaced againsË a higher pressure.

The effectiveness of a large boot, which compressed the calf

and foot as a unit, in lowering venous pressure, r¡ras compared

to the sËandard booË. subject E.T., in figure 3, had Ëhe calf

and foot compressed in the large boot during the same experiment

as for Ëhe standard boot. The large boot lowered venous pressure

to only 30nrn Hg. while a minimum venous pressure of 10nrn Hg.

r¿as attained with Ëhe sËandard boot.

The effectiveness in lowering venous pressure of a 15 cm.

wide occluding cuff, used as a venous pump by intermittenËly

inflating it but not Ëhe booÈ was studied. venous pressuïe

could not be lowered to the same extent as when Ëhe boot was also

inflated, even when high compression pressures and. prolonged.

compression periods r¡rere used for the cuff . (figure 6 & ls)
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BLOOD FLOI^I STUDIES

In Ëhese sËudies the clearance of X"133, from subdermal

depoË in the fooË, was used to assess blood flov¡ through the

skin. Four normal subjecËs and 34 patienËs wiËh varying degrees

of occlusive arterial disease r^reïe studied . Data from 13 of Ëhese

\^ras noË included in Ëhe subsequent analysis for various reasons.

rhe results obËained in Ëhe remaining 2L paËients are shown

in Tables II and III.

Effect of Posture on Blood Flow in the Foot

rn 3 of tl'e 4 normal subjecÉs rate of blood flow in the skin

of the forefooÊ was less during sitting Ëhan when lying and in

the fourth subjecË, Ëhere T^ras no difference. However, of the

21 patients only 5 had a lower rate of flowwhen sitËing; in L4,

the rat.e of fLow was greater when sitting Ëhan when lying, and 2

r¿ere unchanged (column r rable rrr). The average reduction in

rate of flow in normal subjecËs Tras - 35.5% + -18.3 s.E. This

result is not significanË (p<0.1). rn the patients there was

a mean increase of 40.67" + 14.0 s.E. These results are highly

significanË (p <0.01). rt is noteworËhy rhaË in 5 of rhe parients

whose blood flow in the fooË was less when sitËing Ëhan when lying,

4 l:.ad relatively high supine systolic pressure aË the ankle (83,

85, 91 and 93nrn Hg. respectively). On examining appendix A

alt- 4 patients had single vessel occlusion with excellenË

collateral vessels and peripheral run off.
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T A B E II - ETT'ECT OF POSTI]RE AND OF MECI{A.I{ICAL VENOUS

PUMP ON TTTE CLEARANCE OF XE-133 FROM TI]E SKIN OF

*"t" .r*.u 
'ffi-l?#folf ***u,

PATIENT SIJPINE SITTTNG SITTING&PI]MP STTTING SITTING&PI]MP SITIING SUPINEçEST FOOT OPPOST1-tr T'ôôT

4I

36

31

36

31

39

60

5B

139

L44

32

47

L20

63

25

66

52

43

4s

22

74

57

111

7B

42

52

L26

34

32

51

59

B1

7L

69

77

B3

96

60

LL4

60 49

92

31

44

48

B

67

49

rt9

62

48

51

L36

3B

32

49

6L

51

75

52

B4

53

56

73

32

+ PATIENT HAD

7B

107

9t

47

7L

9T

75

79

186

1s3

62

o/,t+

t47

51

52

60

57

134

139

76

L57

65

L40

4L0

170

OPPOSITE

7t

9L

B7

40

75

42

77

83

L36

290

61

77

B8

60

68

6s

58

L64

Ls4

93

119

158

t73

L07

60

FOOT PUMPED

N. H.

J. P.

F.H. 48

H.H. 110

s. T. 139

P.T.+ 44

H.S.+ 33

L.B. 78

E.C.+ 268

R.I4I. + I40

Ð"T.+ 82

H.G.+ 307

:K NOR}4AL SUBJECT

272 106

L46 60

92 115

62 60

TO4 BB

49 62

83 206

7L 53

L47 L34

60 31

62 97

89 118

74 255

s4 r78

51

65 67

49 108

89 L7O

98 190

81 L57

L37 101

90 270

115 143

- 258

155 LB4

BEFORE TEST FOOT

OPPOSITE FOOT
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TABLEIII

ETEECT OF POSTI]RE AND A MECTIANICAI VENOUS PUMP ON TIÌE RATE OF BLOOD
FLOI^I IN THE SKIN OF THE FOREFOOT

% CIIAI{GE IN RATE OF BLOOD FIOI4I IN TEST FOOT

L23
SI]BJECT SIIPIM VS" SITTING VS. SITTING VS. DIRECT LOCALSITTING PUMPTNG PI]MPING EFFECT OF

TEST FOOT OPPOSITE FOOT PI]MPING TST
FOOT

5
TOTAL ETFECT
OF POSTI]RE
PLUS VENOUS
PIJMP

coLilMN 1-2
NORMAL SUBJECTS

-557"

-77

0

-10
-3s.s% t

4L%

-5
L32

0
18.3:k

COLI]MN 2-3

-7057"

-32

132

-38

4

542

L2

4s

2

L52

B

?L

-26

25

55

1B

5

L44

- L4%

-82

732

-10

c.M.

E. T.

L.V.

B. S.

L46"/.

27

0

38

-20

42

6B

-11

5

25

25

25

8B

L73

-40

0

70

82

2L

610

12

35

25

87

B

43

0

13

32

15

-5
LL2

t7

6B

0

-10

23

-65

0

L9

26

-L2

-23

-3

-10

-32

1

652

80

24

30

LL2

JJ

6B

B8

186

72

15

65

L94

+ - HAD OPPOSITE FOOT PI]MPED BEFORE TEST FOOT* - MEAN + STA1{DARD ERROR.
N O T E . + SIGN INDICATES AN INCREASE IN BLOOD FLOW,-SIGN INDICATES A DECREASE
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T A B L E III(conrinued)

SI]BJECT SUPIM VS. SITTING VS.
SITTING PUMPING

TEST FOOT

4s
DIRECT LOCAL TOTAL EFFECT
ETFECT OF OF POSTURE
PI]MPTNG TEST PLUS VENOUS
FOOT PUMP

3
SITTING VS.
PUMPING
OPPOSITE
FOOT

P.T.+

H. S.+

L. B.

E.C.+

R.I4I. +

D.T.+

H. G.

31

27

-18

2L2

34

-48

B2

L9

15

25

51

29

2L2

t62

59

55

15

9L

L39

7B

17B

40

40

40

40

110

290

340

COLUMN 1-2

7L

67

22

252

L44

242

422

ffiyt4oW.or sW.sr, L3.5%t L4.2¿c ll .t+7"+ Zø.5;'

+ - HAD OPPOSITE FOOT PIJMPED BEFORE TEST FOOT.

* - MEAN j STAI\DARD ERROR.

NorE - + srcN rNDrcATEs AN TNcREAsE rN BLooD trLor^r, - srGTT TNDT6ATESA DECREASE
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The Effect of Èhe Mechanical Venous Pump on Blood Flow in the Foor

of the SitËi Sub iecË

Ihe response to venous pumping in Ëhe test foot in Ëhe 4

normal subjects Ëested was variable wiËh little change in blood

flow in 2 ar'd an íncreased flow in 2. However, this is only a

sma1l sample of normal subjecËs.

among the 21 patienËs urith arteríal obstruction 19 showed a

marked increased in clearance raËe while I shoured no change, and

1 a sma1l decrease in clearance rate (column 2, Table rrr). The

average change in blood flow rate in the patients r¡ras an increase

of 90.9"/. + 32.5 S.E. These results are highly significant

(p {0.02) .

trrrhen the opposíËe foot was pumped, 3 of the 4 normal subjects

and 8 of the 21 patients had an increase in clearance raËe from

the test foot, while 11 of t]ne 2L paËienËs had a decrease, and

2 had no change. (column 3, Table rrr). The mean change ín Ëhe

blood flor¿ rate in 2r paLíents was 13.5% + L4.2 s.E. These resulËs

are not significant (pÞ0.3) since the effect of pumping the foot

on Ëhe general circulaËion can be quite variable.

The estimated direcË loca1 effect of pumping of the Ëest

foot on blood flow, obtained by subtracting the value in column

in 3 from column 2 of rabLe rrr, ís gíven in column 4 of the same

table. The direcË effecË seems t,o have been a reclucËion of

blood flow in 3 of the 4 normal subjects, but among the paËients

20 of xh.e 2r had an increase in raËe of blood flow. rn Ëhe 21

patients the mean change in rate of blood flow rnras an increase of
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77.4% + 26.3 s.E. rhese resulrs are highly significant
(p <0.01) .

The combined effect of posture an. the mechanical venous

pump on the rate of blood flow in the test foot is shornm in
column 5 of rable rrr as the sum of the values Ín columns 1 & 2.

Again, in 3 of t]''e 4 normal subjects the overall effect seems

to have been a reduction in flow but among the patÍents 20 of the
21 showed an increase whíle onry 1 showed litËle change. The

mean increase in flow raËe in the paËients r^ras 135.27, + 3¿+.1 s.E.
Again, thís is highly significanr (p <0.001)
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CLINICAL TRAILS

One patient, Mr. E. C., who had previously shown an overall
increase in blood flov¡ for the combined effect of posture plus

venous pumping of. 2527" in his ischemic foot during venous

pumping, had complete relief of rest pain during continuous

ËreatmenË for 100 hours rr¡ith the mechanical venous pump, but had

prompt'return of pain after the pump was discontinued.

of Ëhe 7 patienËs sËudied, wiËh resË pain in their ischemic

fooË, 4 obtained relief on sitting which was mainËained. during

the punrpí-ng periods. Three patienËs had. resË pain during the

supine and sitting phases of the experiment, buË had complete

relief during pumping of the test foot wiËh increase in blood

fLow of 87%, L3% a'.d 340% in Èhe acute experiments. rn addition
4 patients were unable to compleËe all phases of the experiment

because of severe resË pain on lying and siËting. However, all
4 paËients had relief of resË pain during pumping of the test foot
Ín the acuËe experiments.



DISCUSSION
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DISCUSSTON

FrequenËly, patients, wíËh occlusive arterial d.isease in the

lower limb severe enough to cause rest pain in the foot obtain

relíef by putting the foot in a dependenË position. This is
primarily due to Ëhe increase in blood. flor^r that occurs through

the fooË secondary to the íncreased hydrostatic pressure in the

arËeries and collaterals around Ëhe blocked segment. (Gaskell

and Becker L97L). All too often the block is so severe and collaËera1s

so poorly developed Ëhat only a sma1l change in blood flow occurs

on dependency and resË pain may be only parËially relieved, if
at all. rË may be considered thaË by addíng to the flow advantage

produced by the erect posture the principle of a mechanical venous

pump applied to the fooË, the b100d f10w Ëhrough the fooÉ may

be furËher enhaaced.

schienberg et al (194s) first proposed the concept of a

mechanical venous pump and demonstraËed, using venous occlusion

plethysmography that blood flow through the foot could be enhanced

over supine flow using the erect posËure and a mechanical venous

pump applied to the foot. They r.,irere, however, unable to disËinguÍsh

the effecË of either posture or pumping alone using this technique.

Alli¿ood ( 1957) , who used venous occlusion plethysmograph

stated that blood flow could be increased using a venous pump

consisËíng of Ëhe foot plethysmograph inflated around Ëhe foot,

aË rather high frequencyrín the sitËing subject. He failed to

recognize Ëhe unsuiËability of a partially distended venous

sysËem for accurate blood flow determinations by venous occlusion

plethysmography and consequently was unable to determine a Ërue
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resting blood flow in Ëhe sitting subject. Furthermore, he did

noË produce any data concerning supine f1ow, and therefore his

resulËs cannot show the effects of posture or his venous pump

on Ëhe raÈe of blood flow in the foot.

In 1959, Loane, recognizing tlne limitaËíons of venous

occlusion pleËhysmography, showed ËhaË blood flow in the foot,

as determined by heat flow and heaË eliminaËion Ëechniques, \¡/as

increased by using a cuff aË the ankle as a mechanical venous

pr:mp in the erect subject.

More recent work by Henry and Inlinsor (1965) deals wiËh the

effect of a calf pump on foot. venous pressure and foot blood

floi,¡. Rate of blood flow was assessed by moniËoring, from the skin

and muscle of the foot, the clearance of 1131. A series of rapid

inflations of a large cuff which cirmpletely enclosed the caLf.,

but not the fooËr lras effective in lowering the foot venous pressuïe

Ëo 40nrn Hg. in normal subjects, and patienËs with occlusive

vascular lesions. This is Ëo be compared r¿iËh the present sËudy

r^rhere minimum venous pressures of about lOnrn Hg. hrere obËained,

in the siËting subject using foot compression. In Ëheir studies

on normal subjects, compression pressure of 60-120nrn T{g.,

compression periods of 3-5 seconds and compression intervals of

L5-20 seconds were employed. The r 131 
"l"rrance 

studies indicated

Ëhat blood flow was increased in the foot of the siËËing subject

using this procedure. However, in patients, Ëhey used prolonged

compression periods of 15 seconds with compression intervals of

30-45 seconds. They Ínterpreted their resulËs Ëo mean that blood
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flow r¿as greater through Ëhe pumped foot than the nonpumped

foot. IË is difficulË to understand why the auËhors would compïess

on atheroscleroËic limb for 15 second.s, since this prolonged

compression would Ëend to retard blood flow. The authors also

employed a longer compression interval for patients, assuming

Ëhat venous filling time would be much slower. rt was shov¡n in
the present sËudy thaË despite poor circulation, venous filling

Ëime can be fairly rapid especially in a warm foot.

rn the r 131 clearance sËudies of Henry and trrlinsor, the

clearance from the dependent nonpumped foot served as the conËrol

value with which clearance from Ëhe tesË fooË was compared to ascerËain

the effect of the venous purnp. However, they did noË ind.icate,

r,vhether vessels suppl-ying both lower limbs were obsËructed, and

if they T,üere, Ëhe relative degree of obstructÍon, the distribution

of obstructionror how Ëhe test foot was chosen. rË would be

difficult to use the clearance rate from one fooË to represent

the initial, or controL, value for the other foot of atherosclerotic

patients whose circulation in the two feeË may be quiËe different

even before one limb is subjected to venous pumping. Furthermore,

significant comparision between Ëhese Ëwo clearances ruay be

difficult to make since Ëissue distribuËÍon, and therefore

clearance rate, of the.separaËe injections may noË be the same

in Ëhe two feet. changes in Ëhe clearance rate from a single

injecËion in the tesË foot, as employed in Ëhe present sËudy,

would be expected Ëo indicate beËter the effecË of venous pumping

on rate of blood flow.
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ïn other experiments, Henry and tr{insor pumped the calf

of the test limb for t hour, allowed it Ëo rest for 30 minuËes

and then measured the clearance raËe from the test foot for 30

minutes, comparing this with the clearance rate in Ëhe opposite,

nonpumped, conËrol fooË measured subsequently, They noted

ËhaË the clearance rate in the pumped fooË was enhanced. for aË

least t hour even after the pumping had been disconËinued. They

inËerpreÈed this as a rrlasËing effecËrr of the pumping and were

unable to give an explanation for this. However, the explanation

may be Ëhat the difference in clearance rate beËween Ëhe pumped

and the nonpumped foot was the same as Ëhe difference between

the clearance raËe which might have been measured in the two feet
prior to any pumping. rf Èhis were so, one could suggest that the

prolonged compression periods and high compression pressures,

as used in Ëheir patients, had miËigaËed against any increased.

in blood flow being produced by the pumping.

rn Ëhis present study the effectiveness of a mechanical

venous pump applied Ëo Ëhe foot in l0wering fooË venous pressure

and increasing blood flow was evaluated. The mechanical venous

pump r^ras made from a síngle layer of flexible, vinyl plastic

r¿hich was inflated directly wiËh aÍr Ëo avoid having Ëhe plasÈic

in contacË with the skin. This ensured. that the tissues of the

foot were not distorted during compression, and that masceration

of the skin was avoided. Having the top of Ëhe boot open, without

adhering Lo the skín in any r¡ray, and closed by an essenËíally

simultaneous inflation of the occluding cuff at Ëhe ankle¡should
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avoid the above menËioned as well as effectively controlling

boot pressure.

rË was found that venous pressure could be lowered Ëo about

10mn Hg. in sitting subjects, and neither a large boot, which

included the fooË and the calf, nor a 15cm. wide cuff around Ëhe

ankle only, both employed as venous pumps, T¡zere as efficient in

reducing venous pressure as üzas the standard boot.

It is Ëo be expecËed that Ëhe effectiveness of a venous

pump in increasing blood flow should parallel its effectiveness

in lowering venous pressure. This expectation r,ìras rearízed. Ëo be

so, in that blood flow was increased ín 20 of 2l patients using

Ëhe venous pump.

since the effectiveness of the pump depends upon the degree

to which venous pressure can be lowered and the maíntanance of

a low pressure, care was taken to select Ëhe most appropriate

compression pressures, compression periods, compression inËervals

and delay period thaË would meeË these requirements. prolonged

compression periodsrhigh compression pïessuresrand too short

compression inËervals were avoided as not Ëo interfere with blood

inflow. An unduly long compression interval r¿as also avoíded

because iË was shown, even in patients r,viËh severe occlusions

Ëhat venous filling time may be quite rapid, especially in the

warm foot. A short delay beËr¡een cuff inflation and booË inflaËicn

ensured a good air seal around the top of the boot during inflation.

rhe sËandard boot was also capable of effectively lowering

venous pressure Ín the leaning-st.anding subject. Underst,andably,
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higher compression pressures T.\7ere required to maxímumIy lower

venous pressure, and furthermore, l0nger compression periods r^Iere

necessary to produce the desired high compression pressures and

to empËy Ëhe veins against a higher pressure. The leaning-standing

subject offers the advantage that greater arterial-venous

pressure differences can be achieved with verious pumping, Ëhereby

producing even greater flow through the capillaries Ëhan in the

sitting subjecË.

From Ëhe venous pressure sËudies, iË was found. that the

most effective and practical pressure and time setËings for lowering

venous pressure and maintaining a 10ro pressure r^7ere: a compression

pressure of siËËing venous pressure plus lonrn Hg., a compression

period of 2 seconds, a compression interval of 15 seconds, and a

delay period of 0.5 second.s. These seËtings ï,r7ere, Éherefore,

used in the xenonl33 
"l.rrance studies for all noraml subjects

and patients.

rt must be pointed ouË thaË, even though venous pressure may

be adequaÊely lowered by punping iË does not necessarily follow
thaË blood flow will be increased, because Ëhe actual pumping,

Ëhe noise of the pump, and apprehension of the patient may

iníËiaËe local responses and centrally mediated reflexes that may

override the effects of pumping and produce an actual decrease in
blood flow. These factors may have been responsible where an actual
decrease in blood flow occurred during pumping. Hor¿ever, iË is
felË that as the patients become accustomed to Ëhe mechanical pump,

over prolonged periods of Ëreatment, these effects should dissipate
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and the fu1_1 potential of the pump realLzeð..

Because an effecËive decrease in venous pressure is not

necessarily equat.ed wíth an increase in blood f1ow, the actual

effecË of Ëhe pump on blood flow must be evaluaËed. rn the

presenË study, the clearance raËe of x"133 from the skin of the

forefoot was used as an índicaËion of the rate of blood flow.

care was taken to provide adequate controls in thaË the ËesË foot
served as its or^rn control raËher than Ëhe opposite foot. This

eliminated the error that would be produced by separat.e injecËions

in feet with dissimilar circulaËion. FurÈhermore, the counting

r¡ras not sÈarted until at least 20 minutes had elapsed. after the

injection of Ëhe xe133. This arlor,red for proper tissue disËríbuËion

of the xe133. The clearance rates, measured during each of Ëhe

phases of Ëhe blood flow studies, enabled us to assess Ëhe effects
of posture, and venous pumping on the blood flow in the foot.
Goíng from a supine to a sitting posiËion in normal subjects

produced a decrease in blood flow in the fooË. Liker,rise for
patients with less severe obstrucËions, as evid.enced by relatively
higher supine ankle pïessuïes, brood decreased on sitËing.

However, in paËienËs r¿iËh more severe obstruction, blood flow

was usually increased. This is due to the greaËer than expected

increase in 1oca1 arËerial pressure at the ankle, in patíents

r^rith severe obsËruction, as a resulË of distention and reduction

ín resistance to flow in the collateral vessels. rt might be

expected that the effect of Ëhís phenomenon would be greater in
Ëhose with the most marked. obstrucËion and lor¿est supÍne ankle
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pressure since the exËra gain

of the loca1 blood pressuïe.

developmenË may be greater in

of main arteries.

in pressure forms a higher proportion

Furthermore, collateral vessel

paËienËs wíth more marked obstrucËion

The generaLízed and local effect of pumping the test foot

was to produce an increase in flow over the effect of sitËing

alone in all buË two patients. The generalized effect of purnping

T¡ras assessed by pumping the opposite fooË while measuring clearance

from the tesË foot. From these resulËs r.ìre can assess the local

effects of pumping by subtracting the per cent change in blood

flow due Ëo Ëhe generalized effects from the per cent change

in blood flow of the generaLízed plus the local effects. rn

some cases Ëhe genetaLízed effecË was Ëo produce a vasoconstricËion

thereby detracËing from the 1ocal direct effect of pumpiing while

in others a vasodilaËation occurred. thereby enhäncing Ëhe loca1

direct effecË of pumping. ItÏhen Èhe above calculaËion was made

the results indícated that the direcË loca1 effecË of the

venous pumping vras Ëo increase the rates of blood flow in all but

one patienË.

The overall cornbined effecË of pumping plus posture can

be assessed by adding the per cent change that occurs with

sitting only to the per cent change that occurs on the addiËion

of pumping. As expected, Ëhe increase in flor¿ was greaËer Ëhan

with eiËher one alone, and iË was not,ed in some paËienËsrin whom

a reduct,ion of flow had occurred on siËËingrthat this red.uction
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rdas partiaLLy, or compleËely, reversed by pumping.

rt is ínteresting to reassess sanderrs experience (sanders

1936) r¿iÈh the oscillating bed, and Buerger's exercises (Buerger

1924) in view of our findings. The oscillating bed is presumed

capable of lor¿ering venous pressure in the fooË by tilting thereby

increasing Ëhe arterial-venous pressure difference across the fooË

capillaries. During Ëhe Ëime thaË the paËient is being tilted

Ëo the head-up posiËion, the veins will tend to fill quiËe

rapidly and Ëherefore Ëhis advanËage of low venous pressure on

blood flor,ø may be rapidly reduced, so that only a small arterial-

venous pressure difference existed for the remainder of the head_

up posiËion. I,[hile the patienË is in the head-up posiËíon a

smal1 increase in blood flow may be expected. Ëo occur. The

oscillating bed does not appear to offer nearly the increase in

blood flow thaËis produced by the mechanical venous purnp.

Buergerf s exerciseslorrrer verrous pressure when the foot is

elevated, and for a time when the foot is dependent, an increased

arterial-venous pressure differeqce rrlill exisË across the foot

capillaries. Elevation periods r^/ere so prolonged that in a foot

üIith lorr¡ perfusion pressure, the arteries as well as Ëhe veins

t¿ill be emptied causing a greater degree of ischemia. Therefore

part of the advantage of lowering venous pressuïe is lost.

Buerger also employed long dependency periods of 2-5 minuËes

and during most of that period both arteries and veins r,¡ould. be

full -vrith essenËially no added increase in arterial-venous
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pressure difference. These exercises succeed in producing

a reactive hyperemia in Ëhe foot, and provided liËtle in the way

of overall increased tissue perfusíon.

Both the Sanderrs bed and Buerger's exercise have

essentially been abandoned because they were often uncomfortable

to the patient and difficulË Ëo mainËain.

The long term use of the venous pump in one patient r,,iiËh

good results indicates that Ëhe mechanical venous pump can be

useful and practical in the Ëemporary managemenË of severe

rest pain. rf Ëhis, Ëhrough furËher sËudies, proves Ëo be Ëhe

case, then modificaËions to Ëhe purnp will be mad.e to make it more

compactrmore portable, easy Ëo manage, and quieter running.
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CONCLUSIONS

1. A mechanical venous pump, which inËermittently compresses

Ëhe veins of the foot, is effecËive in producing and

mainËaining a low venous pressure in Ëhe foot of erect

normal subjects and patienËs wiËh aËherosclerotic arterial

occlusion in Ëhe vessels of the lorrrer límb.

2. Blood flow, in the subdermal Ëissues of the fooË, increases

as a result of a mechanical venous pump which intermiÉtenËly

reduces the venous pressure in the foot in Ëhe siËting

position.

3. Blood flow, in Ëhe subdermal Ëíssues of the fooË, Ëends Ëo

decrease in Èhe normal subject and patienÈs with mild

to moderate arterial obstruction, and increase in Ëhe paËíent

with severe arËerial obsËructions when the posture is changed

from supine Ëo sitting.

4. The combined effect of posËure plus Ëhe mechanícal venous

pump is Ëo increase blood fl-ow more than eÍther one alone.

5. IË is proposed Ëhat a mechanical venous pump has a place

in the managemenËs of patients, with severe ischemíc resË

pain and/or Íschemic skin changes in the foot, awaiting

surgical correction or ampuËation.
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