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A!:STRAGT

Hany factors affect the relative division of blood at a bifurca

tion. Clinically signi.ficant conditions sometimes result in a flow

reduction to one downstream branch of a m�jor bifurcation as the result

of a. reduction in the f1m'l1 resistance of the contralateral branch.

This condition is caLl.ed "s t.ea l,'' and has been demonstrated at several

najor bifurcations in man. This behavior has been successfulJy

modeled us ing the parameters of flo1r, pressure, and resistance in the

upstream and t:\ro downs tr-eam vessels. The model was confirmed experi

mentally in mongrel dogs by a pressure versus flow study at the ex

ternal il Lac trif1Jrcation. Flows were measured e Iec'tr'craagne td.cal.Iy ,

and pressures by a fluid-filled catheter and dLaphrarn LVT)'r transducer.

Resistances 1'le1"e manually controlled. As a result of this s tudy a

s LnpLe test was devised to de terrm.ne if a site se Iec ted for vaacuLar

surgery has a potential for developing steal.
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r'i(, s:r�tcmic vascular syst(��l inc(·rpcrate,<"; brancl-)in� of blood

vr-s se Is at a 11 levels, from ViP aor t.a to t}18 capi llaries � Dlood flo·.,;

usu aLl.y divides at each branch '\u thout adver-se cr;,n::'-:>q1_lenC0S 4' The

pressure in the major ve s se Ls of the hody i.s pulsatile, var::ring from

the htGh, systolic pressure pulse that is caused by the ventricular

contraction, to the low dins toli.c value t.ha t (LeUrS as a result of the

relaxation of the ventricles. The se rughs and lows, however , fIuc tua te

about a rather constant IImean" arterial pressure.. This pressure i.s

!Ilsintained through a variety of biolor,ical control mechanisms j.ncluding

the baroreceptors and stretch receptors associated 'With the aorta and

larger vessels. This mean pressure is essentially the driving force

for the movement of blood to the capillaries and back to the heart.

Thus, rlol.' to each of the first few branches is determined by the

peripheral renistances of the vaacu Iar beds supplied by each r'espec t i.ve

branch. This is expressed mathematically by the phenomenological

relationship:

6 P .• QR (1)
.

,'":lerc AP is the pressure loss or drop bet"'���.two p<)i!1t�, Q is the flow

and R is the associ�tf;d resistance 0 This relationship Ls true for any

portion of the circulatory system, but, as it will be shovn , the

pressure must be the actual value at a point and should not he assumed

to be equal to the coneeon ly-used cLi.nf.caL'ly-meaaured blood pressure.
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Blood f'Lov at a bi.furcation (where one vessel divides into bfO

daughter vessels) is governed by the same factors and relationships

t.ha t de te rmi.ne flow in the other parts of the system. It has been

clinically observed, however , that when one daughter branch requires

a high flow rate J the o t.her daugh ter branch or branches can be deprivee

of their ::eeded blood flow and i.:::;chp,mia in the area perfused by these

branche3 can d(?V'e1op. This phenomenon has been named the "steal"

syndrome and is of clinical Lnpor-t.ance in many 3i tuations involved

'Hi t.h rImr in the vicinity of a stenosis 0",' surgical r-evascu'lar-i.zatdon ,

Li, t.t.Le quanti tative research has been done in this area of hemodynani.cs ,

although the (pali tative aspects of a variety of Us teal syndromes"

have been described. This study presents an analysis of the rr.ean

pressurc-f'Low characteristics of dividing blood flow. This analysis

is incorporated in a model of flow at a bifurcation. This study pre

sents the methodology- used to experimentally confirm the model and

presents some of the results of the experiment. In addition, some of

the related pubLLshed literature is discussed.
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IfSteals" and related ar tcri e 1 phenomena have been reported since

Cortornie des cr'Lbed the clinical case of "subclavian steal" in 1960

(Tech, 1975). 'I'hLs coneli tion was discovered because there was a

retrograde or reverse flow of blood in a patient's loft vertebral

artery. ALthough this would at first seem impossible it is eas i.Iy

explained. Four major arteries supply the head and brain, these beinG

the left and right carotid and left and right vertebral arterieso

The two vertebral arteries latter join to form the basilar artery.

The basilar artery is :i.ndirectly Joined va tr. the two carotids by the

circle of Willis (the circle is not nhrays complete)" The left prox

imal subclavian artery was occluded, t11erefore the onIy available

blood supply to the left arm was via the basilar art..ery and retrograde

flow down the left vertebral. The basilar artery supplied this ret.ro

grade flo1� frol'l the normal blood flow to the brain in the other three

arteries (Callow 1964, Sammartino and Too l,e , 1961d. The total flow' in

the three "normal" vessels often equalled that in all four arteries

in normal patients" Under these conditions t,11ere 1.5 no cerebral blood

insuffiency and patients are often asymptomatd.c , Host patients have

addi tional occlusive disease and Iho�T classical symptoms of cerebral

insufficiency including dizziness, loss of memory, and fainting ••

(Killen, et.al., 1966, SieMrt, er.al., 1961)) The same ret.rograde flow

occur's in the right vertebral artery following occlusion of the



'i unonri.n.rtc art'?TY. (Killen, c!t.al., 196())

T'L W:'I:�, I lo'V.,,(;v(!r , soon de toruu.ncd that to tn L occlusion of the

involved proximal artery was not necessary to observe reversed vertebral

artery f'Lovr , It was also found that the reversed flow could be inter

mittant, only occuring followine: exercise of the involved arm. This

s i tuation Ls more complex. In this situation two possible paths of

blood flow exist. Hhen the f'Low requirements of the vascular beds

supplied by the occluded arter:r are Lncr-e ased, the pressure drop

across the obstruction increases directly wi t.n flovl' (according to equa

tion 1). 1·rnen the pressure drop becomes sufficiently large. the grad

ient from the vertebral-subclavian bifurcation to the basila.r artery

becomes negative and retrograde vertebral artery flow l-rill result.

(Heyman, et.a1., 196h). It is Lmpor tan t to note that this aLt.er-na te

retro�ade flow possibility is the exception rather thaq the rule in

the systemic circulation.

The "subcLavLan s t.eaL'", as shosn, does not truely represent the

spectrum of other steal syndromes. In most of the body the daughter

vessels of the larger bifurcations are isolated, linked only by the

f,enerally insignificant collaterals. It has been well documented that

aorta-illiac revascularlzation (re-establif3hment of the blood supply

to the legs) can cause a stealing of blood from the mesenteric artery

v-ri t�l resultant intestinal gangrene (Connally and Stemrner, 1973).

"Steals" have been investigated in the coronary arteries (Heyer, etoal.,

1974). and in sketetal muscle arteries (Hirche and Bovenkamp , 197L�).

The emphasis of these later studies was the clinical nature of the

"steal". Steal syndromes Lrrvo Iving the 'pulmonary and celiac arteries



have been described recently, (Isch, 1975).

,\8 pr-evLous ly stated, "s t.e aLa" have be en repnrted even in t.he

abs ce nce of al. t.erna te pat.huays of blood 1'1011 such as exists in the

subclavian steal syndrome � The focus of this st.udy has been to

develop a quanti t.at.Lve analysis of flow d'i.vi sLon, includj"nG st.caL,

at an idealized bifurcntion. 1\10 clinical studies concerning ste a l at

a bifurcation were found in the litnrature. Dogs were used to invest

Lgat.e the aorta- iliac artery trifuI'catioL, vr.l th the median sacral

artery tied off to form a bifurcation. In this conf'Lgur a t.Lon the

blood supply to each leg is largely independent. One study, by

Grimes, et.aL., recorded steal subsequent to a per i.od of occLus i.on ,

In their case the reported steal was the result of a transient reactive

l�vpermia (Grimes, et.al., 1972). The other study by Ehrenfeld, et.al.,

reported that "s teaL' wa.s a misnomer When the proximal pressure was

normal , 'I'heir study claimed that the f1O't\T to one side could be

increased ten-fold without a significant drop in contralateral flow

(Ehrenfeld, et.al., 1968). The model and resl1ts in this study

show how these apparently contradictory results are indeed correct.

The contradiction is an indication of a lack of real understanding on

the division of blood flow at a bifurcation.



r-rODEL

It is Generally accepted that for the purposes of ciescribins the

syste':;ic c i.r cuLator-y system the heart is a const.ant pressure source,

delivc:rin�·pulsatilepress·u.re about a r-o ns t.arrt mean. Th i.s mean pressure

value is for the most part Independent. of f1O":rl, beLru' regula ted by the

hDroreceptors in the aortic arch emu stretch receptors in the aorta

and great ve s se Ls , It is a leo 'tv';Ll Knmm t.h a t b100d fLow f'oLlows a

phenomenoLogd ca I parallel to Ohrn's Lav, nameLy the pre s sure drop, AP,

is equal to the product of flow, �, and re s i s t.ance , R. This is

expre3sed:

(1)

The arterial pressure which drives the? flow is d.i.sLpabed in

the arterial sys tem, capillaries, and venous system until the pressure

of blood returning to the heart i.s essentially zero. This model

assumes a venous pressure of a constant zero value. The arterioles

and capillaries dissipate most of the pressure and therefore are

responsible for most of the res i.s t.ance to the f'Lo» of blood. Thus the

overall system meets its variable f'Low requirements primarily by charg

ing the res i.s t.ancc i.n the arterioles and capillaries while maLnt.a'i.nfng

the constant pressure as discussed above.

Using the relationship in equation (1) for a system with a constant

pressure source of pressure P (representing the heart) which delivers

a flow of QT to a single vessel of resistance H , which subsequently
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d.ivldes :into tvlO downs trcam vessels s one of r e a is t.ancc R1, the other

of r-e si s t.ance R2, +he f'o Ll.owi.nr; rcsnlts can be ob t.ai.ncd , (This sit

ua.tion exactly parallels the major bifurcDtions of the arterial

tree. It Ls also analogus to the experimental phase of this study

but is more miversally applicable.) The pressure at the division,

PB, is:

PB = P - (QT) (R )

The f'Low , QT' is given by:

QT = P/(R + (HIR2iRl + R2)
The two branch f'Lows , Q1 and Q2 are given by:

Q1 = PB/RI and Q2 = Ps/R2 (4)

(2 )

(3)

Combirting equations (a) '.rid 0) an(l: (4) results in:

Ql = ml�/Rl (R (RI + R2) + R1R2)) (,)

Q2 :: ffilR2/R2 (R (RI + R2) + RIR.2)) (6)

Note that if R Ls very small Ql and Q2 reduce to:

Ql • PIRI and Q2 = P/R2 (7)

And:

(8)

These results closely approximate the normal hemodynamics at the

major divisions of large vessels because R is much less than the

total resistance of the arteria1 system. These results are not

unexpected and under these conditions the downstream flows, Ql and Q2,

are completely independent of one another being governed by Rl and 112

respectively 0 The total flow is $ of course , constrained by the flow

balance:

(9)



8

"Stealll has previously been described a s a red1J.c tion in f'Low to

the resion 0 uppLi.e d by one downs tr{�aJr. branch of a bitur�<ltion in

response to a n�duction in r'e s i s t.ance in the downstrcam contralateral

branch , Thi3 si tuation is in contradiction to equation (7) in whi ch

the floHs are independent.. Thus the assumption that R is very small

"will not be imposed on the model. Fr'on the defi.ni tion of steal a

dimensionless "steal coef'f'Lc'i.errt" may be defined. The "steal

coeffici.ent"', q, is defined as the rc: tio of f'Low in branch 1, Ql'
when the resistance of the contralateral side, R2, is equal to some

fractional portion, 0(, of the resistance of side 1, Rl, to the flow

in branch 1 when RIll: R2. This fractional proportion of R1, is thus

defined as <X such that the rela.tionship of resistances described

above is:

Applying these conditions and substi tu tine from equa tion (-.5)
results in:

(11 )

As (previously explained the sr.1all upstream resistance approxDn3.-

tion is not appropriate for sinmlating the steal phenome non , It is,

however , desirable to include the resistances, Rand RI' in some

dimensionless form. This is accomplished defininc; a dim.ensionless

quanti ty, r &': R/Rp Subs ti tuting this into equat i.on (11) the

expression for q becomes:
0«(2r + 1)q 1C

r' + 0((r + 1) (12 )

From equation (12 ) it is clear that as 0( approaches 1 the value

of q approaches 1 also, which is the required result. It is also
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clear +hat as r approaches 0 (the sr1311 ups tr=am resistance approx-

�nation) q aprroach�8 1.

upstream resistance q is r-e La t.i.veLy independent ofo<. Thi.s j agrees with

equation (7) which stntes that for these conditions �l is not

a function of R2•

The "steal coef'f i.c Ient," is now 1n'itten in terms of0( , the

resistance ratio of R2 to Rl and r, the resistance ratio betHcen H

and Rl. A plot of q as a function of C« for different v�lues of r is

shown in figure 1. This plot is illus trative of several significant

points. 'tlhen the ups tream resis t.ance is ema'lI the I'd tio r h) a Lso

small. This is a. very good approx'lma tdon of the situat.ion in a

healthy arterial tree. As already discussed under these conditions

the I'Low, Ql, is largely independent of R2 and thereFore 0(. The

cur-ve representing r :: .01 ShOHS th(]t f{2 wouLd have to be less t.han

one-tenth that of Rl ()( :: .1) before the flow, Ql, would fall to

9a.t of its value when HI equals R2. It is obvious that some effect

severely lowering R2 'Would normaTl.y be r-equ.i red to siGnificantly

effect the blood flow in side 1. At the other extreme, one observes

that, for larger values of r (r == 10), q and t.huo the fLow to side 1)

is almost a linear f'unc t.Lon of ex (and thus a function of n,)). The
....

dependence of Ql on R2 is the clefini t.i.on of the "steal" phenomenon.

The conclusion must be that, a significant upstream resistance i!J needed

in order to have the linking of downstream flows and a "s te a.L" syndrome ,

By similar manipulations it can be shown that the dimensionless

ratio of pressure drop at the bifurcation to the system pr-essure drop
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is expressed by:

In n )/}) 1:< 1'(1 +0<)
\ 1 - (1' '

�

:rrr + 0(. ) + 0( (13 )

Once a::ain as r appr-oaches D the ratios in equation (1.3) approach

o. This indicates that p}� =: P as predicted in equation (8). The

pressure drop ratio, (p - Pr)/P, is shovm as a function of 0( for

various values of r in figure ��. This fii�re ShOHS that the pressure

drop ratio (wlri.ch is indicative of the upstream pressure loss) is

dependant on 0(, the ratio of the tIro downs tream resistances. It

also ShOWIS the expected dependance on the upstream -to downstream

resistance ratio (expressed in the variable r).

It Irill be shown that this model closely" approximates the behavior

of t.he external iliac bifurcation in the dog. This model is of key

importance to the data analysis in the study.
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The experimental phase of this experiment waf) performed on

mongrel dogs" Dogs vmre chosen for t.he ir s i z e , suitabiJj_ty, cost,

ava i.Lard.Li ty , and co ns Ldera t.Lon of the faci�_it,ies for confinement

and surgery. The experimental apparatus consisted of a Biotronex

Laboratory, Inc. (BLI) 6)0 pressure a�:1plifier and a fLI 96Jo(X)-C9LV-CT

(1 inear variable displacement transformer) pressure transducer. The

transducer was calibrated vlith a mer-cury manometer and used 'With

heparinized saline -filled plas tic CCl the ters 0 Bee ton an d Dickenson

metal stopcocks Here connected to form a manifold for flushing the

ca the ter , The flows v[ere measured 1.r.1.th a BLI 630 puLs ed Lo g i,c

electromagnetic f Lowme ter , It 1<laS found that the ex ternal iliac

arteries of dogs of l.S. 9-20.4 Kg. (35-45 Lbs , ) wer-e l-' <;st fi t h�/"

a probe 'tri th a 3.5 mm , Lumen , The probes used were precalibrated and

the ca librati.on was checked by in-vi.tro methods.

Laparotomies were performed on ncm.(�rel dogs anesthetized \.n th

sodium pentobarbital (.30 mg/Kg. initially, additional as needed).

The intestines v-J'ere retracted to expose the aortic trifurcation. Tt-ro

eLect.romagnetd c flow probes v.Tere placed around the external 11ILac

arteries. Effort was made to place each probe an adequate distance

from the trifurcation. The probe Hires were sutured to the body to

help prevent cable torsion and the resulting signal artifact. The

ground wires "Jere sutured to the abdominal waL], muscles 0



A baLl.oc n type o cc Iuder was placed around the abdor-ur.aL aorta

i1lac arte:d.cs and/or t.he caudal nc scnt.or-Lc arter;l had orir�in��

be tuce n the occLuder' and thc trtfurcation, these arteries "TOre tied

off. The o cc Iuder tras left open initially.

The :i.n1prnal iliac arteric S wer e next. 1 ir:a ted dS far d i.s tn 1 to

the trifurcation as po s s i.b Le , A loose tie of umbi LicaL tape 1.<];:lS next

placed around -the median sacral a r t.crv , .'\ small cut 1'W.E� nude bo t.wee n

these Li va tur-e s and the pressure meacurLna catheter Vias placed in the

system 'Hi th the open ti!; pr")tr'udin� up into the aorta. The t.rLf'urca

tion was in effect chan�ed into a bifurcation by ti�htening the umbi1-

ical tape until hemosta.sis was achieved. The catheter Has sutured to

the body to help prevent it fro:rJ. bcconi.ng acc i.dent.aLly dislodged.

A eu t.down was performed on each medial upper thigh to expose

the f'cmor-a I artery and veLn , The distal portion of both arteries and

both veins w�s tied off. loose ligatures 1lCre placed around the

proximal portion of all four vessels. Tyro necharn c aI arteria-venous

fistulas 't-rore made by cannula tine the artery and vein on each side wj. th

sections of "treated" vin_yl tubinf:. The proximal venous ligatures

i,'rere tightened and arterial cannulas vrer'e threaded up the arteries

until the ends could be felt in the external "iliac ar t.er-Le s ,just

distal to the f'Lovme ter-s , 'The proxi.ms I arterial lif�atnres '{.fere then

tightened and additional ties Here plClced around thc: can11ulated

external iliac arteries distal to the open cannula ends. The

resistance of these mechanical A-V fistula �-lere independantly

regulated by means of scr-ew clamps. The vinyl tubes had been treated



by soa1cLnr:: for 12 hours in soLut ion of C12:/ �dams "8iliclad" (a con-

centrated mixture of high mo l.ccuLar vreight silicones). The purpose

of this treatment vffiS to deLav the c Lo t.t i.ng of the tuhes. The fi.s tuLa

resistance was periodically reduced c aus i.n= t.he I'Lovs to typic:3.11y

exceed l�OO r.11/Plin .. in order to "f Iuo h ou t." any c Io t.t.ing products.

The mean pressure and flow data were recorded manualIy and on

a strip chart recorder for subsequent ana.Lys i s , The basic test

performed involved several steps. Firs:', the f'Low 0;1 each side \-'13S

adjusted by the screw clamps to appr-ox.ima'te Iy the same flow as was

observed before the mechanical A-'I fistula Has Lnscr t.cd , The pressure

at the bi.furcation was measured and noted. By s lidins the pressure

catheter farther up the aorta the mean pr-essure Has obscrved . to be

virtually constant. This LndIcat.es that no najcr stenosis or

obstruction Has present in the t.ermi na I section of the aor t.a, Then

the f'Low being measured on one side was observed \,rhile the flow on

the other was increased or decreased. Pressure vras also observed;

The fIm" meter vras svTi tched to measure the opposi te s ide and the

procedure . vras repeated.

These results were similar to those observed in dogs without A-'l

fistulas whose downs tream resistances were al tered with other mechanical

or pharmacoloGical methodso The advantage of the mechanically controlled

A-\J fis tuLas was tiro-fold. i'Then no fistulas v-lf're prc sr-n t and one

downs tr-eam vessel was occluded no pressure change was noted but a 2a;�

increase in flow' to the opposite side vras observed 0 Investiga tlon

revealed that the dog is noted for its collateral circulatory system.

In all likelihood' the flowing side was diverting blood to



the occluded side by newIy oponc d co l.La tera.Ls � r]lL--; coruauru.cat.Lo n

vras not desirQbIc and not thought to be particularly relat-ed to "steal".

'TIle increase in f'Low 't.Jhen the OP!-'I(.)si t.e side 1";8.S occluded is the reverse

of "s t.ca L'", and is due to a different phenomenon. Th8 .".-'1 fistula

described irrnl prevent this comrnmi cat.Lon between the ti.ro Legs , The

second advant-age was r'e La ted to the equ:Lpment used. The BLI fLou probes

have a problem of 810 ....r baseline drift. This necessi tates rebalancing

of the flovrrneter before a measurement is taken. The in-vivo balancing

is done by o c cLud'i.ng the involved artery to cause a zero flow. Thi s

Hould normally result in a period of reactive hyperemia being supc:r

imposed on the steady-state flow one is at.tempt.i.ng to r.ieasur'e , The

me charu ca'l A-V fistula a'l Lowed the experiment to be conducted vri the)1__:' t

this prob lc:n ,

After this documentation of the "normaL" state, the balloon

occluder was used to simulate a diseased, stenotic Lover aorta.

First, the two downstream resistances were adjusted to obtain flows

that approximate the normal phvs LoLordca'l, fLows , The pre-occlusion

pressure a t t.he bifurcation was noted. This had aLr-eady heen shown

to be very good approximation of the upstream pressure. The balloon

occluder around the aorta was inflated. The pressure tralsdncer

was used to monitor the degree of occlusion. One fLowme ter'

probe was balanced and the opposite side was occluded. The floVT to

the side being measured was now varied and the pressure drop across

and flow through the occlusion were recorded. The pressure-flow

data Has then recorded with the fIm.]' through the opposite side to

minimize variation. The two dow-nstream s Lde c w-cre again adjusted to



t�LC "norma l." f Low rate. By ;ileasm'i:';� one s ide the r-e s i s t.ance on t:1e

oppo s i t.e side could be decreased to now d:::-:'�10 ns tra tc liS Leal". The

l�noHledce of the pressure at the b l.I'ur-c a ti ,)�1 [cJ.! lei th8 rre�� sur-c-T Lou

r-e Lat.Lona.u.» of the stenosis a ILowe d the C01T.putation of the ups trc an

�"loH. The knou.Iedgc of the measured dovrns +re an flow a l.Lows the

subtractive ccnpu t.atd.on o:� the other dovmst.r e an fLovr ,

Throu2:h these techniques the examination of thr:; effect of

uneven side to side resistances and of an ups t.ro am res i s t.ance wer-e

examined in-yivo. The rp.sults parallel thn prediction of the :nodel

presr:nted in this study (see T)eslJlts). The f'xperimr:ntDl set-up

described above is also shown in figure 3..
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R?5HLTS

The resluts of the experiment show good a:_:,reemcnt wi, th the pre

dictions of the model. The results of the test performed Hithout any

sienificant aortic (upstream) resistDnce Here very uniforme First,

extremely high total f'Lovrs , f,enerally S liter/min or more, were

required to observe a significant pressure drop at the bifurcation.

This result is consistent 1r-ri th model predictions for a very small

upstream resistance, R, as expressed in equation (8). Secondly, the

two downs tr'ean f'Lows were almost completely independent of each other.

Ten-fold increases in a dovms tre an fLov wer e required to significantly

redu ce the contralateral f Low , This 3180 3i3rees Hi th tl1R model pre

dictions for a small upstream resistance as r�ivcn in equation (7).

The results for this "normal " hemodynami,c state are in precise a[,--ree

ment vri t.h the results pubLishcrl by Ehrenfeld, et 01. (1968). The

results l-Jere similar in all dogs tested and were very reproducible.

Due to the unchaneing nature of the values measured the d3ta is of

Li, t.t.Le quantitative interest. It is no t reported i:l this s t.udy ,

The results of tests performed Hith a stenotic (balloon occludeI'

inflated) aorta were very interestine;. TIle results closely f'o Ll.owed

the predictions of the model Given by CqUCi tions (12) and (13) 0 The

steal phenomenon is shown in f igure Ll. Thi s figure, t.ake n from a strip

chart recording, demonstrates the interaction of the dmmstream fLows

Hhen an upstream resistance is presento



2()

nata is �resented f'r om four stenoses. Il'he data for each stenosis

consists of two parts. The first p3rt consists of the pressure drop

versus floH data for the occlusion. This is presented in tables land

2 and fiijures ;; through 8. The fiGures show- a pressure drop versus

f Low plot for each of the four stenoses analyzed. These graphs have

a characteri.stic shape. The initial (loH(::t' pressure drop) section is

Li ne ar but the portion r-epresent.i.ng the hiSher f'Low rates falls away

from the linear relationship. At least hvo explanations are possible

for this deviation. First is the pressure component due to the velo

ci ty of the fluid. As the f Lo» increases, the veloci t:r of the fluid

enterinG the end port of the pressure meclslU'LnE', cat'1eter increases.

The EernoulE equation predicts t.he pressure artifact due to this

e f'f'o c t. "Till he proportional to thr squar-e ,:)f the veloci t.y , Thus the

devi.a tion due to this effect is expe c t.ed to be more si(Inificcmt at

hisher fLovrs , The second mechanism misht 1"1(-> due to h i.rh R.eyn01d t s

nUm1Y3r effects in the Lmmedia t.e re gLc n of the stenosis. At hiSh

Reynold t s number-s pressure drops for restrictions char-ac tcr Ls t.i.caLl.y

are proportional to the square of the ve Ioc i ty , In all four plots the

deviation is in the expected direction.

The second part of the data is presented in table 3. This data

Has taken f oHowing the recording of the data for the pressure-flow

curve of each stenosis. The data actually taken were the downs t.r-o am

pressure, PB, and the flow on one side, Ql' as the resistance on side

two, R2, was changed incrementJl1y. From the 6'J vs , Q plot for each

stenosis, the total flow, QT, Has found. (22 was found subtractive ly

from equation (9). From equation (1) resistance can he found by takinG
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the quotient of pressure droj: 8Dd f Lov , [';'i;S r Has found by the: ratio:

r =: (lb)

The ca lcu Lat.Lon of�, Has cq:1ally sipwlr::. The exrression used 'VJas:

The data shows t.ha t the downs t.r e arn flous 'Here set to be equal,

or nearly so, for each stenosis. This Has done once for each stenosis

by first adjusting for equal f'Lows and then appLyi.ng the stenosis.

The downstream resistance r , t.i.o i.,rue lFctanf:�C'l b�r ·!./:.i.:3 action. There-

fore the bro downstream flO1VS were still approximately equal. This

was checked manua'lLy , These values aLl.ctr the calcu12tion of the steal

coefficient, q, by the fol1owin3 expression:

q c Q] @ r�iven rate

Ql @ Ql = Q2
(16 )

The c alcu La tion of 6 PIP was s trai,c;htfonrard. It vJ'}S evaluated

by its definitinn:

(17 )

The numcri c aI values found in eouations (1)1) t.hrough (17) are

dimensionless 0

An interesting observation was the consistancy of the calculated

r value for each stenosis c;l Nei ther the upstream r-es Ls t.ance , R, or the

resistance of one downstreams side Rlj vrere changed during the

experiment. Since r is the ratio of :1 to �ll' this oonsl s t.ancy vras

expected. The relatively 101'; vc Lues of r are indicative of an

Lmpor t.arrt concept. 'men the balloon occluder vJaS inflo.ted too far
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the artery \t?w.llc: collapse. The value of pressure that causes complete

occlusion is called the cri ti.cal c Lo si ng pressure. Hi:_::hcr upstream

resista.nces can be formed by us i.ng More than one balloon occlucler to

The ballo�ns would of cou.rse be us(>d i.n serieG a10ng the aorta.

This was not done in this experiment. men so, the Lar ge s t, r (r :: .19)

is quite sufficient to conelusively demonstrate the steal syndrome.

The correlation of the exper imcnt.a'l data with the model's pre

dictions are shown in figures 9 t.hrough 12. Each fieure presents

the q versus 0( and A PIP versus 0( plot for one stenosis (one r value).

The discrete data points from the experiment are shown on each p'Lo t ,

Small deviations between the theory and practice are observed. This

sm.all Herror" does not invalidate the model. Conversely,the small

size of the deviation adds credibility to the model presented. The

results not on�y validate the model but point to several conclusions

that can be drawn. These will be explained in the last sec t.Lcn ,
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Demonstration of Steal
FIGURE 4

Flow in left external iliac art.er-y of mongrc L dog (20Kg) �

Abdominal aorta occluded with balloon occ luder , Hean blood pressure=
11 mrnHg. Three parts represent a) right external iliac flow of
70 ml/min. b) right side flow' fully open - 400+ ml/min. c) right
side closed - 0 ml/min. Both downstream resistances controlied by
nechanical shunts.
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TABLE ./1

Stenosis #1

Pressure Drop Versus Flow

Downstream Pressure

mmllg

91
90
84
76
51
100

Stenosis #2

Dovmstream Pressure
mmHg

93
116
109
99
77
49

Upstream Pressure • llOmmHg

Downstream Flows

ml/min
RiGht

60
125
170
210

275
65

Left
65
o
o
o
o
o

Upstream Pressure ::11 127mmI-Ig

Downstream F'Iows
m1/min

Right
70
45
87
120
180
250

left
75
o
o
o
o
o



TABLE 112

Stenosis #3

Pressure Drop Versus 7101,T

Downstream Pressure

mmHg

94
108
96
91
70
48

Stenosis #4

Dovmstream Pressure

mmHg

105
122
ill
106
58

Ups tr-e am Pressure :: Ll Immllg

Downstr8am FloHs

ml/min
Righ.t

77
o
o

185
2ho

o

left
70

110
125

o
o

250

Ups tream Pressure = 13LrmnHg

Downs-tr-eam Flows
ml/min

Right
60
o
o
o
o

left
60
}.j.0
70

135
240



TABlE 113
J·nnEL CO�TFmw'..TION DATA

L'�'" ()l Q? QT r q L\D/D.L F 0( 1 / �

mmHg ml/miri: ml/min: ml/min:
Stenosis 91 60 65 125 .10 .92 .?5 .17

!fl
Pre S sure 30 S5 13J 185 .10 .L2 pC' ?r:

� c:._ • \....1 � . .i .�/

Upstream
110 60 3S 2' c' 250 012 .16 .56 .4S.J..j

�'mII8

Stenosis 93 70 7S 11�5 .18 .93 .96 .26
;�12 rv

o-

Pressure 82 60 115 ph .19 .52 .83 .351/

Upstream
127 70 45 155 200 .19 .29 .62 .45

mmHo-

Stenosis 94 70 70 140 .09 1.0 1.0 .1.5
#3

Upstream 87 65 145 210 .08 .45 .93 .22
Pressure
III 78 45 180 225 .08 �25 .65 .30

rmnH_

Stenosis lOS 60 60 120 .12 1.0 1.0 .20
#'4

Upstream 88 53 Jl� 7 200 .13 .36 088 .33
Pressure

131 80 43 177 220 .12 024 .72 .39
mmE;:;
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C01JCWSIOH

The apparent contradiction be twee n the Grimes, et al, (1972) study

and the Ehrenfeld, et aL, , (19U3) study can nOH be resolved. Ehrenfeld's

conclusions were made for the condition of normal pressure at the

bifurcation. Both the experiments and the model indicate that no

steal 1vill occur when there is no significant upstream resistance.

If no upstream resistance is present then the pressure at the bifur

cation will indeed be normal. Fnder these conditions no steal is

expected and none occurred. The (�ri;'11es study stated that steal is

"accentuated" by the presence of simulated occlusive disease. lIoHever,

t.he i.r data also showed "s te aL" without an aortic s t.enos i.s , This con

tradicts the experiments and model of this study, and no information

was found in their paper to clarify this point.

The application of t.his study to the field of vascular surgery

is important. A hypothetical example 'rill best illustrate the importance.

A patient has an undia�nosed aortic stenosis. He

also has a clinically significant obstruction i.n the risht

external iliac artery. The right leG has thus been sub

ject to chronic hypotension and ischemia. The normal

autoregulation becomes ineffective under these conditions.

Even after normal prr-ssure is supplied, the downs tre am

resistance will remain smaller than actually required.
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This effect vri.Ll. Las t for weelcs (Ilar t.i.n and C.onrad,

In}..!). The left leG would not be a I'f'cc t.ed by this

me chani.sm , 11hen the sur-ger-y to revascularize the

riBht external iliac is performed a steal s i tuation

develops. An upstream stenosis is present. The

rigl1t leg resistance riTl be 101'TI']1" than the left due

to the hypo tens i.on reaction. The left 1ee; novr is

ftstolenH from and becomes ischemic. If no upstream

s tenos i.c was present, this wouLo not OCCllI'. If no

downs tream hypotension mechanism is in play, then the

two downs t're am resistances should be approximately

equal. (The downstream mechanism would not be as

Lmporbarrt in bifurcations with normally unequal flO1-JS

and resistanceso) The physiology a.nd fluid dynami.cs

nmst both be considered.

One possible test that can be applied to a potential 5i te for re

vascularization woufd be to occlude the downs-tr-eam f'Lows while observ

ing pressure (; If the pressure at the site changes 'hri th flow then it

is a potential "steal fI si te ,
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