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\ " ABSTRACT

Investibati/ns have\\bown that wnder Icsting cunditions 1n vivo
little change in’ blood flow 3& pressure drop Is caused until the
cross—sectional area of the- vessel has been reduced b? a "critical"

\

-amount of about 80%. Further investigations have shown that the
&

5shape, umber and, sequence of stenoses affect the blood flow and
pressure drop to'only-a minoxr degrcc. Changes in the periphe1a1
vascular resistahce,‘however, have been shown to alter the level

of."critical" stenosis,

The in#estiéatious described hercin yere'designed tc study-the
effect of downstrean.resistance on the pressure drop across minor '
Bstenoses; i.e. those that do not cause, significant pressura‘drpp ‘
under resting downstream (peripheral) resistance. It further deals N
with the question of whether a decrease in peripheral vascular re--
sistance can increase the pres%ure drop across minor stenoses with
i the secondary effect of thé increase in blood flow eliminated

o

Constantbpressure and constant flow experiments were performed
initially on rigid acrylic models of steposes to discover what degree
of constriction with what magnitude of downstream resistance produces
significant pressure and flow’reduction. Ther'e was no appreciable
' pressure drop across the stenosis until the resistance across the/
stenosis was a significant part of the total resistance (i e. stenosls
plus downstream resistance)t It was shown that with very low down- '
stream resistanCe there may be a significant pressure drop across a

53% stenosis. In the constant flow mode1~experiments 1f the down-



‘ . ' . o .
stream resistance was changed but the flow rate was kept constant

there was no 1ncrease 4in the- pressure drop across the stenosis. There-
fore, for the model expefiments. the increase in pressure drop with

® .
decreaspd downstream resistance was caused by the increased flow.

’ The;results‘of the model studies suggested the>po$sibiiity that
a stenosis which.producesblittle prsssu;e drop under conditions of

" high downstream resistance may produce significant pressure reduction
under condi}ions ofciowered downstream resistance."The effect of
changes in ‘downstream resistance caused by the intra-art»*isl admin-
1stratisn of vasodilator subs?ances (histamine, Lsgﬁrmiaranoi wr)
acetylchdiine)won the pressuie drop across mino:‘asyzﬁsib FAACad on
the dog thoracic aorta in vivo were examined, It was found that a
decrease 1n'dosnstreaﬁ resistance increased fhe blood flow and in-

. creased the pressure drop scrqss the stenosis,

-

The resultis of theAaorta’experiments showed that a decrease in
downstre;m resistasce 1ncrssses the presssre drop across a stenosis,
but this was accomplished with an increase in blood flow, Tolsepar—u
ste‘the increase in flow rate from the decresse in downstream vascu-

”lar resistance the perfused dog hind limb was employed, This enabled

the blood flow to be held constant“during the intra-arterial infusion =

of a vasodilator substance (acetyléholine). With thils constant flow
set-up there was no. increase in prsssureﬂdropfacross the stenosis
when the doﬁnstreas vascular resistasce was decreased.A It was con-
cluded that the increase in pressure dtop across a s;enbsis eliclited
by changes in vascular resistance are accousted'for'by changes in .

o

Blood flow,

®
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GENERAL INTRODUCTION
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L ]

Many aspects of an arterlal stenosls (1.e. a lo 'Allﬁod conaty v
tion of an artery) have bheen atudied, Menvens have lLes: ciaeived to
have effects on blood flow and preasure, Fuilhermore, the lengtl,
shape and numbar of utnnénan, an well aa the downatienam 1ealata: o,

can offect the pressure-flow 1slationships abiout the steconln,

The effect of an arterial atenosis on blood flow through the
carotid, aortic, 1liac, femoral and other arterles, auch as the re:nl,
has been investigated, Under resting conditions o vivo [1ttle change

in blood flow ia caused until the cross-asectlional arna of the vensel

!

Studies on the affect of a stenosis on the hlood flow 0 the

has been reduced by a "critical® amount of about g,

carotid artery have shown that savere arterial atenoses were cecennary
to reduce blood flow. In Ll938 Mann et all showed that an o mz Loy
stenosis placed :u'mu{d the outalde of the canine carotid artary caused
no change in blood flow even though the area of the lumen was dmrieasne!
50k. A reduction in lumen area of 90k was neceasary to jproduce a “of
reduction in blood flow. Also enployiné\the dog carotid artery
Yondruden et al (l96b)2 demonstrated that with atenoses causing /%,
86%, 9% and 98% reduction in cross-sectional area that blood flow warn
¥§1ntained at 85%, 708, 40% and 15% of the normal blood flow for tne
respective stenoses. kEklof and Schwartsz (19?0)3 determined that thre
"critical®™ stenosis for the canine carotid utery’ was 81% at which
level a 15% reduction in flow occurred, Employing the common carvtid
artery of the monkey Youmans and Kindt (1968)Q found it was necessary

to reduce the cross-sectional area by 90% before a significant

decrease *in blood flow occurred, The above studies show that for



the carotid artery the cross-sectional area must be reduced by 80 to

90% before a significant decrease in blood flow occurs.

The effect-of‘a stencsis on blood flow in the aorta is insignifi-
cant unless the constriction is~very severe, In 1953 ¥Wylle and
‘ RcGuiness5 studicd the'effects ufaoFtic and iliac arterial stenosls
on bleod flow and obsexveg‘that at leest 90% of the arterial lumen
had to be occluded before blood flow reduction was sufficient to cause
symptoms. Hai“ovici and Echer (1956)6 however, found\thaf e critical
point ‘of about 82p reduction Ain cross-seciional area of the lumen was
necessary before.significant manifestation of blood flow impairment
was prcsent. .They had investigated 13 patients with zortoiliac -
stenosis, In 1961‘Schenk et al7 placed marked consﬁrictions on the )
descending aorta just distal to the subclsvian artery in large adult
dogs and observed that flow through the constricted area remained re-
markably high in spite of a S%% reduction in the cross -sectional area,
In 1969 Kindt and,Youmans8 found,.using a stricture of short length
on the dog abdominal aorta, that a significant decrease in flow does
not occur untll the stricture reduces the‘area by 90% or more, Most
of the studies above show that for the aorta the cross-gectional area

must be reduced by at least 90% before a significant decrease in blood

flow OCCUTE.

Studies on the iliac and femoral arteries have shown that the -
cross-sectional area of these arteries must be reduced by about 80%.
before & significant decrease in blood flow occurs.‘ In 1963 May

9,10 s ’ '
et al found thAt in the resting dog it was necessary to constrict

the luminal area of the iliac artery by 80% before a slgnificant 20%



decrease in arterial flow occurred, Beyohd this degree of stenosis the
redoction inﬁflow with added ﬁ%crements of ooostriCtion were precipi-
._tous. They termed the 8&% stenosis to be "critical", In 1964 Van de
Berg et al11 found that.underfresting conditions the "cpitical"-ﬁ
stenosis of the dog femoral-iliac artery was 82%; Therefore the
cross-sectional arca of théfiliac and femoral arteries nust be-reducod
by about the saﬁe amount as the carotid, i.e. 80%, before a significant

':eduction in blood flow occurs.

‘ .
Studies performed on other arterleshave confirmed the fact that

severe constriction of an artery, under resting conditions, is neces-
sary to significantly reduce blood flow. In 1959 Page et al1 in
dealing with the mechanisms, dlagnosis and treatment of hypertension
of renal vascular origin.stated that "it is not usually‘fecognizod
how ssverely a blood vessel must be,constficted before appreciable
falllin blood flow occurs, especially when blood pressure increases
concurrently”. From tho above studiés on blood flow through an arter-
ial stenosis one may conclude that severe constrictlon of the artery

(abOut 80 to 90% reduction in luminal area) is necessary. under rest-

~ing conditions, to reduce blood flow significantly.

u

‘) Along with the effeot on blood flow an arterial stenosis has also
been noted to alter the blood pressure in the carotid, renal, illac
and aortic arteries. Under resting conditions in vivo there 1s little
drop in mean arterial blood pressuro across a stenosls until the
stenosis reduced the cross-sectional area of the vessel by a "critical”

amount of 80 to 90%.

The pressure drop across a lesion in the carotid artery 1s insig-

w



nificant unless the arterial stenosis is quite severe. In 1960 Craw-
ford et all3 measured the intra—arterial'pressnres of the csrotid
artery proximal and distal to stenoses at operation., They found no
significant pressure drop for lesions ploducing 72m luminsl area
occlusion. In stenoses,associated with significant pressure drop
srteriographic evaluatidn showed 75 to 10Q£ luminai afea occluslon.
lhis is about the same amount of occlusion necessary to reduce blood

flow in the carotid artery significantly.1 1223,

The effects of stenoses onlthe blood ‘pressure in the renal and
‘ilisc arteries hsve elso been studied., In 1962 Haimovicl and
Zinicclaluﬁplaced a graded éxtraluminal cons{riction on the left
renal artery of ﬁﬁg dog (the right served as control) near its aortic
origin. Acute graduated stenosis of the’renal artery disclosed that
no ch e¢“ in blood pressure occurred up to a 84% cross- sectional
area reduction oflthe arterial lumen. Between 84% and 91% a sudden
marked change took place. Therefore, a critical stenosing zone
existed just beyond B4% cross—sectional reduction. "In 1963 May et

9 10 showed that the pressure drop across a stenosis placed on the

canine iliac artery did not begin to increase in magnitude until the

s(_\zéis reached 80%, ' i

The effect of a stenosis on the arterial blood pressure of the

aorta has been shown to be minor unless the constriction is very
severe.v In 195U Haimovici15 showed that a reduction of up to 84% of
the area of the aorta induced insignificant blood pressure changes
A reduction of the area of the lumen between 84% and 91% resulted in
significanf pressure changes. When the stenosls reduced the area

of the lumen by 91%, however, a critical stage was reached beyond



which any further decrease in thé lumenrqaﬁsed sharP reduction 1ﬁ the
mean pressure, thereby causing a haémodyngmic state leadiné to a seyeré
deéree of arterial insufficiencf. In 1956 Halmovicl and Escheré‘pre-
sented data of the intra-arterial Preséure éhanges assoclated with
aortoiliac stenosis which showed that significant pressure reduction
occurred only with marked constrictions‘iﬁ the order of 97% luminal
area occlusion. In 1969 Koikkalainen and Luostal6 measured the critl-
cal arterial stenosis of the distal abdbminal aorta in rabﬂits. A
silk thread was drawn, by a micrometer, prggressively\tighter about

" the artery by 0.1 mm increments down to the point where the presSUre
distal to ‘the constriction dropped by 10 ﬁm Hg. 71he mean critical
arteriai stenosis in normal conditions was 80% (reduction in luminal
area). In 1969 Kindt andeouhanB'found that using a stficture of
short length on the dog abdominal.aorta that a:significant decrease ‘in
‘pressure does not occur until‘a stricture of 91% or more in area is
reached, Therefore, most oftthe studies above show that forbthe aorta
the cross~sect%ona1 area must be reduced by at leaét 90% before there
is a signifiéant pressure drop across the stenosis, Thils 1s the same

reduction required to reduce blood flow in the aorta.5'7'8

From the aone studies on preséure drop across an arterial
stenosis one may cqnclude tgat, as with the efféct on blood fléw,
severe constriction of the artery (about 80 to 90% reduction in lumin-
al area) is neceésary under resting conditions to drop the pressure

distal to the stenosis significantly.

Apart from the effect of the degree of constriction'brought"
about by the stenosis, that of the shape, number and sequence of sten=-

oses have been investigated, These have shown that such modifications

R



of stenoses effect the blood flow and pressure drop to only a minoxr
degree. In 1964 Vondruden et al2 uéed the dog carotid art;ry.and
found that if a second stenosis was added 1t only reduced the flow by
5 to 8. Furthermore, the sequence of two unequal stenoses had no
effect én total flow, 1.e.,‘rem6va; pf the larger caliber sténbsis
resulted in only neglible improvement in blood flow, In 1967 Robbins'
and Bentovl7 studied th kinetics of viscous flow in a model vessel
and discovered that thé shape.did not play a critical roie because the
: difference between the "worst"™ (sharp inlet and outlet margins) and

the "best” (venturi) was in the order of 20%. -

_ The'lenéth of a stenosis does not significanﬁly effect thgvblood
pressure.and'flbw unless the constriction produced by the stenoéis.is
vnear ”critical"‘(i.e. produces a 80% or more reduction in luminal area)
or the length is very 1on§. 'Iﬁwi963 Kaj_ei allo observed that the
effect of a four-fold increase 1ﬁ'£he length of an ave?age stenosis
of BZZ Placed on the canine aorto-iliac arterial segﬁgnt was to reduée'
the flow an average of 24,86. In 1964 andruden et alz uséd the dog
carotld artery and found that if the length of the stenosis was
doubled 1t only reduced the blood flow by 5 to 86, A serles of experi-

18 in 1956 on, an grﬁitrary modei\shoyed

ments performed by Byar et al
fhat a five-fold increase in lengih of ﬁ‘l mm diameter stenosis de-
creased flow to only 606 of its former value, In 1967 Edward? also
found that a progressive increase in the length of the stenosis'failgd
to give a proportionafe drop in flow, owing to the ieﬂdéncy for the

increase in length of the stenosis to diminish turbulenée.

17

A model study by Robbins and Bentov éhowed that an increase in



length of the stenosis was without effect if the narrowing was not
great, Thg lengtﬁ of the stenosis, however, had a rapidly increasing
influence with increasing seyerity‘of narrowling (eg.) at 90%‘stenqsis
increasing the length from 5 to 20 mm almodt halved the volume of
flow, In i969 Kindt and Youmans8 undértook a study on the dog abdom-
inal aorta to determine the influence of stricture length (1 mm to 8
cm) on arterial blood flow with all degrees of constriction. Blood

- flow was decreased by 506, 1f a 96% area constriction were lengthened
from 5 to 40 mm, For each degree of stehos}s, howevér, a critical
length of stenosis existed at uhich there was little effectvon blood
flow but any further increase in length of stenosis produced a profound'

effect on blood flow, I

From the above sfudies on the length, shape, number and sequence
of stenoses it can ﬁe Sﬁimiséd that the shape of the étenosis has
littie effect on the‘blood pressure and flow; néither'doed the number
or sequence of stenOSes; The.length of the steriosls does not effect

the blood pressure oxr flo the constriction is not near critical

(1.e. it does not decpéase the I

that the stricture is'of relatively short length.

Evidence ﬁas been presegfed that under resiing conditions in vivo
little ;hange in blood preSsure'or flow‘is caused until the cross-‘4
'sectional area of the artery has been reduced by a critical" amount
of about 80%. Changes in the peripheral vascular resistance, however,
will alter the level of "critical” stenosis, Fiddian*i ‘explained the

variation of "critical” stenosls with the magnitude of the peripheral

‘resistance as a simple function of any two-resistance (in series)



system, Byar18 stated that increasing the stenosis does not have any
appreciable efézct until the resistance across it is a significant 0
- part of the total resistance (i e. stenosis Plus peripheral resistance)
‘across, the system., Along fthe same 1ines, Gregg stated that the
effectiweness of a given/;ocalized constriction in rbducing blood flow
may be small or 1arge and will vary in inverse relat\on to the peripher-
cal vascular bed. Ldkewise, Robbins and Bentov17 stated that in the
living patient the stenosisyof an artery will be withq&t effect until
its resistance reaches a higher level than the peripheral resistance
of the arteriolar and capiilary bed. Also, Edward319 demonstrated
. that the effect of a stenosis on a magor artery,is greatly influenced
”by the degree of impairment of the distribution system of that artery.
As the terminal resistance rose the pressure distal to the stenosis
‘increased,_thus diminishing the differential pressure across the B
steuosis.

{
The influence of peripheral resistance on the effect of a stenosis

21 found that the

has been realized since 1944 when Shipley and Gregg
degree of etenosis necessary to initiate significant flow and pressure
reduction varied with the peripheral resistance. They stated that
their findings reveal no justification for the contention that a
rather marked degree of constriction is required to produce a signifi-
cant reduction in flow through a vessel, In 1963 May et a1’ found
that while in the resting dog it was necessary to reduce the luminal
area by 805 before a significant reduction in arterial'flow and pres-
sure were observed ipsilateral sympathectony‘increased the flow by
176%--and reduced the critical stenosis‘to 75% and ererciselef the

limb increased the flow by 241% and reduced the critical stenosis to



10
60%. ’

R

In 1968 Thomas et a122 studied the effectslof'varijgs hemodynamicf (.

aiterations of peripheral resistaﬁce on ‘the pressure géadient and blood
\flow 1n a stenotic canine renal axrtery, Infraéenously 1ﬂjécted 1sopro- |
:terenol and blood loss decreased the. pressure gradient gnd renal blood
flow; but intra-arterially.injected 1soproterenol and reactive hyper-

emia increased them, They,coﬁéluded that alterations in fenovascular |
resistance ténd to negate the:value'df,fhe pressure gradient 1n a Lo

- Stenotic renal artery as a criterion for oferative:repair. In 1969 _
Koikkalainen and Luostalé'found that the ;ritical érterial stenosis in -
. the rabbit distal abdominal' sorta depended up;n the peripheral vascular =
resistance. wSuccessive 11ga£10n of the péf!.hera},aiteries ngreaseé‘

* the cfitical yalue Af stenpéis by degrees up to 100%, {Administration;

of metarterénol (Aramine) had‘avsimilér effect. “ Folloﬁing 1scheﬁia,
however, the critical value of stenosis was reduced’/_1\\1969 Kindt.

and Youmans8 noted that the value of critical arterial stenosis 6? the

. dog abdominal aorta was ;educe#;following t§e release of an arterial

océluSion because the occlusion caugéd tissue hypoxia which lead to a .

decrease 1n'per1phera1 resistance and énlincregse in_flow rate.

In 1972 Carter 23 found that exercise in the limbs with nild arter-
1al disease caused a profound fall in the ankle systolic pressure° |
even though the pressure at rest was normal, - He concluded that since.
exercise reduced peripheral reéistaﬁce in exercising muscle, the blood
flow through anvarea of stenosis increased leading to aﬁ increase in |
the_pressyre drop across‘the naxrrowing aqd to ;ﬁ abnormal-fall in the

distal pressure at the ankle.
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The above evidence has shown tha£ the effect of a glven anterldl
stenoeis'will be dependant upon]the,perlpheral vascnlaf resistance.
If‘the peripheral resistance is reduced sobthat the resistanee caused
by'the stenosis 1s a significant part of the total resistance fhere
will be a significant drop in blood pressure and flow caused by the K .
stenosis., Therefore, the naritical® level of stenosis is dependent

upon the magnitude of the peripheral resistance;

Besides its effects on blood~pressure and flow an arteriel
stenosis has been noted to causeh;:;Zstenotic dilation, i.e. an .
increase in the size of the artexry downstream“of a constriction.
Initially poststenotic dilation was explained by a relative elevation
of lateral pressure in the region downstream from the s@enosis 2 25
Investigators, however, could find no experimental or clinical evidence
of a "local increase” of the lateral pressdre in the poststenotic
vregion ~ but rather a decrease.z6 27 d -~ :

G Poststenotic dilatation could not be S;;;;;;ed by a "local
rincrease in lateral pressure downstrean of the stenosis; so investi-
gation was carried out to give another explanation - turbulence. In
 1958°Spencer et 2128 demonstrated that murmurs of coarctation (con=
genital constriction of the aorta) are maximal in 1ntensity in the
region of poststenotic dilatation. In 1959 Bruns et al3 hypothesized
that vibration of the vessel walls (thrills) are of sufficient energy
to cause structural fatigue and poststenotic ‘d11atatiod. Roach29 30,31
concluded that poststenotic dilatation develops in vivo only if and
’always 1f turbulence, as defined by the presence of a thrill and brult,
is present In 1971 Boughner3 and RobicsekB. stated that the irregu-

iar turbulent motion of blood created by a constriction leads to damage
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to the elastin component of the artery wall and pcststenotic dilatation,

Pressure drop may effect the development of poststenotic dilata-
tion, HutchisonBu showed a decrease in the resonant frequencies of

arterial wall vibration with reduced transmural pressure, This

‘suggested that a preésure drop across a stenosis might cause resonant

frequencies to decrease into the bandwidth of disturbance produced by
turbulent blood flow. Thus in this -way more vibration mlght ‘be pro-
duced by pressure drop. From an in vivo study on adult dog529 Roach
chcluded that poststenotic dilatation occurs mainly or only with
moderate stenoses with 1little or no pressure dfop - at least measured

v

by palpation at rest. Roach, nouever, did'not take into consideraticn

" the activity of the dogs during the development of the dilation - thus

N
with increased activity there may have been a greater pressure drop
across the stenosis than suggested by examination of the dogs under
anaesthesia. Thus, it was decided to examine in deiail the pressure

drop aéroas minor stenoses and the effect of variation of'dounstregm

" resistance.

[N
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SECTION 1

>

L 4
Effect of Changes in Downstream Resistance on:
Pressures and Flow abdut Stenoses - Consiant

Pressure and Constant Flow Model Studies

13
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INTRODUCTION

Dg Vries and Van den BergZG, using rigid tubes, investigated the
pressures upstfeam'and downstream of a stenosis with variation of:
the flow thyough the tube, the dlameter of the stenosis, the value of
the peripheyal resistance and the level of mean pressure. Their exper-
iments were ferforned with water as the perfusion fluid. . The present
experiments wene performed with a bentonite solution as well as water
to observe if changes in viscosity would alter the pressures obtalned.
Furthermore, De Vries and Van den Berg employed a metal diaphragm as
their stenosis. It was felt thaa a 0.5 cm long stenosis with a 45
angle at each end would better simulate those‘stenoses found in

arteries.

‘Shipley and Gregg21 found that the degree of stenosis necessary

to initiafe significant flow.and pressure reduction varied with the
peripheral resistance. Their findings rcvealed»no Justification for
the contention that a rather marked degree of constriction-is required
to producc_significant reduction in flow thﬁough a vessel., The effect
v of'peripherai resistance was re-investigagcd to disco?er what degree
of conatriction with what magnitude of downstream resistance produces

significant pressure and flow reduction. s

o
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MATIRIALL RAND ME’J'll()yt}

For the constant pressure and constant flow model studies, four
models of rigid acrylic tubing with an intern: dlameter of 0.6 cm
were uﬁed. Inside each model was placed a 0.5 cm long stenosius, with
a USO angle at each end} 30 cm from the entrance end. ‘'lThe internal
diameters ?f the stenosés were 0.1 cm, 0.2 cm, 0.3 cm and 0.4 cm;
therefore,{he areas were reducedwééz, B9%, 79%% and ﬁj% respectively.
Six (or five) 19 guage needles were inserted into the model from Lhe
bottom to lie flush with the inside surface of the tubing. OUne was
placed 4 ém upstream of the stenosis, one was placed at the stenosis
(not present for the constanthﬁressdge experiments with water) and the
other four were placed dow?ggrgam of the stenosis at intervals of 1

cm (see figure 1A). Thegé 19 guage needles were connécted up to three

Stratham P23Db pxgssursjkransdﬁcers by means of three-way stopcocks,
The pressure transducers were in turn connected to a Beckman Dynograph

Regsffff)Type 504D through type 9872 strain guage couplers.

'Resistances were placed at the exit end of the model - 15 cm

- from the stenosis. Five peslistances were used with internal diameters
of 0.13 cn, 0;18 cnm, 0.%3’;;:“0.32 cm, and 0.64 cm, fhey were con-
‘struéted of.tygpn tubing by placing one tube inside the other until
the required resistance was made (see figure 1A). The last tube -

the required resistance, was 10 cm long,» E;py rate was measured by

3 T,

collection into a graduated cylinder. ‘;:j

The perfusion solutions employed were distilled water and 2.5%
bentonite, The 2.5{% bentonite solution was made by making suapensioné'

- of 25 ga of laboratory grade bentonite powdef with'one litre of

J
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_distilleu water. Fourteen litres of each'perfusion solution was used
and placed in a five gallon reservoir. The density of water and .the
2.5% bentonite was 1 gm/cc at the temperature of the laboratory The
kinematic viscosity for the distilled water was 0.0l cm /sec (United
States Bureau_oftstandaxds and The American Soclety for Testing
Materials July 1, 1953). The kinematic viscosity of the bentonite
,;Polutiou was calculated by measuring the reflux time with a Cennon-
Ubbelohde Viscometer #25 A237 whioh had avviscometer constant of
0.001882 oentistrokes/sec. The kinematic viscosity for the 2.5% bento-
nite was 0.032 cm /sec. 2. 5% bentonite was used because 1t 1s a parti-
culate suspension and has a klnematic viscosity approximately equal

. to that of blood flowing in large blood vessels.

I

"For the constant pressure experiments the pressure head consisted
of a five gallon reservoir containing about 14 litres of the perfusion
,fluid. The reservoir was placed above the model of acrylic tubing so
that tg@?}luid level produced the appropriate pressure head equivalent.
The distilled water level was 166 em above the model to produce a
pPressure heed equivalent of 122 mm Hg. The 2.5% bentonite solution
1eveis were 160 cm and 202 cm to produce pressure head equivalents of
118 and 151 um Hg respectively, Tubing with‘the same internal .dlameter
as that of the model connected the reservolr to the model. 7The fluid
fiowed down this tubing from the heed reservolr, through the model,
then through the-downstream resistance into a cne gallon recelving
reservoir, The fluid was pumped from theqreceiving reservolr to the

head reservoir by means of a Harvard Apparatus Variable Speed Peristalic

Pump #1215. The arrangement of the apparatus is seen in figure 1B,



The pump was kept at a high enough flow rate to maintain a near con-

stant pressure head (1.e. fluid level in the head reservoir).

' . For the constant flow experiments the above pump was connected -
directly to the model rather than to the head mse;'voir (see figure
1C>. The fluid flowed from the recelving reseryoir, through the pump,
through the model, then through ihe downstream resi.stan_ce and into fhe
receiving reservolr again, The flow waé varied from 3 ml/sec to 20
nl/sec. Combinations with the smallest downstreanm resistance (ID -
0.13 cm) or with the;97% stenosis were‘not employed in the constant
flow expe;‘irnents because .oi’ the generation of very high pressures

(above 225 mm Hg) even at the lowest pump setting.



RESULTS

A. Pressure Profiles -~ Constant Pressurexﬁxperiments

The pressure profiles of the constant bressurs experiments using
water and bentonite with a‘53% stenosls are 11lustrated in Figure 2.
The effect of changlng the downstrean resistance on the upstream and
downstream pressures was’similar in allbthree situations - water ét
122 mm Hg. and bentonite at 118 and 151 mm Hg. It can be seen that

with the greatest downstream resistance (iD = 0,13 cm) the upstream

and downstream pressures remained within 6 mm Hg of the pressure heads. .

With the 0.13 and 0.18 cn downstream resistances there was little or
no drop in pressure across the stenosis. As the downstream resistance,
however, was decreased (1.e. with thév0.23, 0.32 and 0,64 cm resist-
ances) there was an increase in flow accompanied by a decrease in
qpstream and downstrean pressureS»and an increased pressure dropb(as

measured at a position ¥ cm downstream).

Hhsn the 0.18 cm downstream resistance-ﬁas employed‘wiﬂh water
as the perfﬁsion fiuid there was a marked pressure drop lcm déwn—
stream of the 53% stenosis but -the pressure rose agaln very rapid y
so that at a position 4 cm downstream the pressure drop had-become\
very small. This phenoﬁenon - a markéd_increase in the downstream
pressure Just downstream of the stenosis,was also observed with the
0.18 cm downstream resistance and with the 75% and 89% and to some
extent with the 97% stenoses when water was the perfusion fluid.

This unusual finding for the 0.18 cm resistsnce was not observed
when bentonite was the perfusioﬁ solution employed or with any of

the other resistances using water.
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The pressure profiles of the consfant ssure experlments using

water and bentonite with a 75% stenosis e 11lustrated in Flgure 3.
It can be seen that a similar pattern to that found with the 53%
stenosis was obtained but in any given case the pressure drop was

greater, With the greatest downstream resistance (ID = 0.13 cm) ‘there

was little or no drop in pressure across the stenosils but as the down-

stream resistance was lessened there was an increase in flow accomp—'
anied by an.increased pressure drop (as measured at a position b cm

downstream) *

The pressure profiles of the constant pressure experiments with
water and bentonite with an 89% stenosis are illustrated in Figure h
It can be seen that a similar pattern to that obtained with the 53%
snd 75% stenoses was obtained but in esch case the preafure drop was
- greater. Thus the upstream pressures decreased and the, flow increased
as the dpunstream resistance was'decreased} With the greatest down-

stream resistance (ID.- 0.13 cm) there was a very small drop in pres-

a

“causing an increase in flow there was a greater pressure drop (a8

7measdred at a position # cm downstream) across the 89% stenosis. When
the 89% stenosis/and 1 cm downstream of it were subatmospheric and at
these positions there were measurable pressure fluctuations, }urther
downs%&eam the -pressures did not increése substantlally above atmos-
pheric. When bentonite was the ﬁerfuéio{p. solution and the 0.23, 0.32
and 0.64 cm resistances were employed the minimal Pressure occurred at

the stenosis but 1t rose and stabilized within 3 cm downstream

sis., As the downstream resistance was lessened

nce (ID = 0,64 cm) was employed the pressure at -

21
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The pressure profilee of the constant pressure experiments with
- waterxr aod bentonite solution with a 92%'stenosis are 1llustrated in
Figure 5. It can be seen ‘that a simllar pattern to thet obtained with
the 53%, 75% and 89% stenoses was found but in each case the pressure
drop was greater. With the 92% stenosis, however, the upstrean. pres-
sure remained within 5 mm Hg of the pressure heads with all the down-
:.stream reslstances employeq instead of falling as the downsiream
resietance was decreased as‘it did with toe53ﬁ,75% and 89% stenoses,
" . Furthermore, there”wae aliays a pressure drop across the 97% stenosis
no matter which downstream resistance was emfloyed. With the 53%,t
75% and 89% stenoses there was not a substantlal pressure drop when
the O, 13 cm resistance was employed w1th the 97% stenosis as the
dounstream resistance was progressively decreased the pressure d4drop
1ncreased very rapidly at first but it approached a maxinum with the
‘0732 and 0,64 cmvresistances becauee the pressure drop became nearly
equal to the pressure head. With the 0,32 and 0.64 cm downstream
rasistances‘the pressures were Zero or subatmospheric downstreanm of
the 92% stenosis and with the 0. 23 cm downstream resistance the pres-
sures dounstream were 6 mm Hg or less., When bentonite was the per-
fusion-solution employed the pressures were within 1.5 mm Hg of each
other at all positions dounstrean. Also the minimal pressures were
always downstream of the stenosis not within 1t when bentouite was
used. When watér, however, was the perfusion solution employed the '
downstream pressures did not always quickly stabilize‘for there is
e‘tendancy for the pressure to rise for the first 3 or 4 cm down-

strean,
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B, Pressure-Flow Characteristics - Constapt Flow Fxperlments

Pressure profiles for the constant flow experiments were obtained
which were similar to those of the constant. pressure experiments.
With the constant flow experiments, however, it was possible to vary

the flow in consistent increments and thus obtain the pressure-flow

A
-l

characteristics for each stenosis .and downstream resistance, . //
/

The éffect of flow, percentage stenosis and downstfeam res{;t—
ance for the constant‘flow exberlménts with bentonite as the perfusion
solutidn is i1llustrated in Figure 6. Whenlﬁhe lesser downstream
resistances (ID ='.0.23, 0.32 and 0.64 cm) were employed with ény
steﬁosis the flow needed toybe increased to about 3 or 4 ml/sec be-

fore the upstream pressure increased above atmospheric.

Thefe is a near linear relationship between upstiream pressure
and flo} (mean corrélation coefficient = 0.96, se = 0.02) for all the
downstream resistances and stenoses (see Table 1 for correlation co-
efficients) - especially if thebupstream pressure does not exceed 150
mm Hg., Once thelupstream pressure exceeds 150 mm Hg'there is a marked
increase in the upstream pressure for a small increase in flow, In
Figure 6 the slopes of the upstream pre;Enre (in mnm Hg) versus tlow
(in ml/sec) graphs will be the total resistance 1n arbitrary resist-’
ance units (ARU s), consisting of the stenosls resistance and the
downstream resistance. The Slopes are listed‘in Table 1. For any
glven stenosis as the downstream resistance was increased there Was
an increase in the slopes‘of the pressure- flow graphs. Furthernore,

resistance as the percentage stenosis

increase in the slopefof_the'pfessure—flow
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Table 1: Slopos of Upstream Pressure
verpas Wlew of Flgure 6
% I.D. of Downstream Slope Cor.
Stenosis Resistance (cm) ARU's Coef.
0 0.18 35.5 0.95
0.23 7.0 - 0,98
0.32 4,9 0.99
0.64 0.1 0.69
53 0.23 8.5 0.99
00 32 5'5 0' 99
0.6k 0.5 0.%%
75 0.18 32,2 1.00
0.23 12.6 0.98
0.32 9.2 0.99
0.64 3.6 0.98
89 7 - 0.18 32.8 1.00
| 0.23 15.7 0.99
0.32 12.8 0.99
0,64 8.7 0.99
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i
grapha. ihin doos not appear to be Lrue for the 0,18 em realntance
(the slope remadns constant) supgesting that the stenosts restntanee
15 very small in comparison to the resistance ot thia downstream

resistance,

The ettfect ot tlow, percentage stenosts and downstream resistance
on downstream pressure for the constant tlow experiments with benton-
ite as the perfusion solution is {1lustrated in Filgure 7. When the
lowest downstream reslstance (ib = 0,64 cm) was.employed with any slen-
osils the downstream pressure never exceeded 4 mm Hg. When the two next
lowest downstream resistances (1D = 0.32 and 0.23 cm) were employed
with any stenosis the flow needed to be increased to about 3 or 4 ml/

sec before the downstream pressures increased dﬁbyg atmospheric,

From Figure 7 it can be seen that there is a near linear rela-
tionship between dewnstream pressure and flow (mean correlatlon co-
efficient = (0,93, se =~0.0d) for all the d0wnstream resistances and
stencsesu The correlation coefficients are listed in Table 11,

The slopes of the downstream pressure (in mm Hg) versus flow (in
.ml/sec) will be the downstream resistance in arbitrary resistance
~units (ARU' s) - therefore there is little difference between the
slopes no matter what .the percentage stenosis. The slopes are 1list-
- ed in Table II and are about 30 to 35 ARU's, 8.ARU's, 5 ARU's and 0
ARU's.for the downstream resistancés 0,18, 0,23, 0.32 and 0.64 cm
(1ID's) respectively, and these are the respective resistances of the
downstream resistances. If dne takes the slopes of the downstream
pressure versus flow graphs (1.e. the downstreanm resistance) and
subtracts it from the slopes of the upstream pressure versus flow
»graphs’(i,e.,the_total resistance - stenosis plus downstream -

resistance) one can“obtein the stenosis resistace. The stenosis

ARy
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Table 17:

Slopes of Downsiream Pressure

versus Elowvof Figure 7

% 1.D. of Downstream ' Slope Cor.
Stenosis Resistance (cm) ARU's Coef,
0 0.18 35,5 0.95
0.23 _) 709 0'98
0.32 b9 0.99
0.64 0.1 0.69
53 0.23 8.3 0.99
0,32 5.0 0.99
0,64 0.2 0.95
75 0,18 31.8 1.00
0,23 8.4 10.99
0.32 5.1 0.99
0.64 0.2 0.92
89 0.18 30,0 1.00
0.273 7.6 0.99
| 0.32 b5 0.99
L 0,6l 0. 0.50
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resistances are about O ARU's, 0.5 ARU's, 4 ARU's and 8 ARU's for the
, 53k, 75% and 89% stenoses respectively. Hence, the resistance of
the 0.18 cm downstream resistance is much greater than that of any

stenosis employed.

i, Pressure Drop ~ Constant Pressure and Constant Flow

Experiments

Pressure drop versus flow graphs were plotted for the constant
pressure and constant flow experiments mentioned in sectiOné A and B
of the'resultsl For the.gréphs in this section the different éymbols
represent tﬁe different types of experiments that yere"éarried'out i
(see figure legends). A decrease in the downstream resistance in the
constant pressure experiments increased the flow rate which ih turn

increased the pressure drop across the stenosis., A decrease in down-

streaﬁ resistance in the constant flow experiments had no significant

effect on the pressure drop across the stenosis. Therefore, a ‘change

in downstrean resistance, for these experiments performed on acrylic

‘models, bad no significant effect on pressure drop that could not be

accounted for by the change in flow rate.

The effect of flow on the pressure drop across the 53%, 75%} 89%
and 97% stenoses is 1llustrated in Figure 8. For the 53£‘stenoniﬂ the
pressure drop remains less than 5 mm Hg until the flow exceeds about
17 ml/aec. The maximum flow rate obtained was 47 ml/sec at which
there wes a maximum pressure drop of 30 mm Hg The pressure drop
across the 5% stenosis in all types of experiments increases linearly

with increasing flow at a rate of 0.5 mm Hg/ml/sec oi"A.5 ARU's - which
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is the value of the stenosls resistance obtained in sectlon B.

<

With the 75% stenosis the pressure drop remains less than 5 mm Hg
'~unt11 the flow exceeds 6 ml/sec, This is aboﬁ£ one-third the flow for.
a 5 mm Hg pressure drop across the 5% stenosis. The.maximﬁm flow

rate was lower 30 versus 47 ml/sec and thg-maximum pressure drop was
much greater 75 veréus 30 mm Hg., The pressure drop across the 75%
stenosis for the experiments wilth bentoﬁite increased linearly with
increasing flow up to 20 ml/ség at a rate of 4 mm Hg/ml/sec or 4 ARU's -
which is the value of the stenosis resistance obtained in section B.
Above 20 ml/sec t-rre seems to be a slightly gfeater increase in pres-
sure drop per flow increase for both the bentonite and the water experi-
"hents. For the expe;iments with water fhe rate-of ;ise of pressure

drop with flow was 2.6 mm Hg/ml/sec. This difference in the rate of
rise of pressure drop with flow between bentonite and water was not
readily apparent ‘when the other stenoses were employed (i.e. 53%, 89%

or 97% ).

2

With the 89% stenosis the pressure drop remains less than 5 mm Hg_
only until the flow'exceeds about 3 nl/sec. This is abaut one-half
the flow for a 5 mo Hg pressﬁre drop across the 75% stenosis and about
onéfsixth the flow for the same pressure drop across fhe‘jj% stenosis,
In’all iypes of_experiments the maximum flow rate obtained for an 89%
stenosis (17 ml/sec) was only abcut ore-half that for a 75% stenosis
(30 ml/sec) and about one-third that for a 5% stenosis (43 ml/sec).
Furthermore, the maximum pressure drop obtained was very much greater
for the 89% stenosis (about 130 mm Hg) than fof the 75% stenosis (75

mm Hg) or the 53 stenosis (27 mm Hg). As the flow 1s increased from
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5 to 15 ml/sec pressure drop increased at a rate of about 8 mm Hg per
-1 ml/sec flow increase or 8 ARU's - the value of the stenosis resist-
ance obtained 1n section B. Hence the rate of 1ecrease of pressure
drop with flow increase or stenosis resistance, for an 89% stenosis
is twice that for a 75% stenosis (i.e. 8 versus L ARU's) and about

sixteen times that for a 5% stenosis (i.e, 8 versus 0.5 ARU's)..

With the 97% stenbsislno conetant flow experiments were carried
out because even at the lowest pump setting the combinatlon of flow
and resistance was such that the pressures exceeded 225 mm Hg. Thus
Figure 8 glves results of the constant pressure experimentswonly for
the 92% stenosls. For both water and bentonite the pressure dfop
exceeded 5 mm Hg even at the lowest flow rates of about 1 ml/sec
The maximum flow rate obtained with water was 3.6 ml/sec while that
with bentonite was about 2 ml/sec., Therefore the max1imum flow rates
withbthe’9Z$ stenosis were much less than that for the 89% (17 ml/sec),
75% (30 ml/see) or 53% (43 ml/sec) stenosis. The maximum pressure
drep across the 97% stenosis with the constant pressure experiments
with water (124 mn Hg) or bentonite (115 and 151 mm Hg) was approxi-
mately equal to the pressure head. The rate of increase of pressure
drop with flow increase is extremely rapid (in excess of 50 mm Hg/ml/sec
or 50 ARU's) for the 97% stenosis; -hence, the stenosls resistance was
very much-greaier than the 89% (& ARU's), 75% (4 ARU's) or 53% (0.5

ARU's) stenosis.



DISCUSSION

The constant pressure model experiments (figures g} 3, 4 and 5)
showed that with a decrease in the downstream resistance an inérease
in the pressure drop acfoss the stenosis was observed., As the down-
stream resisﬁancg was decreased'fhefe”was‘an increase in flow accom-
panied by a decrease in,ubstream énd dovnstream pressures and an in-

creased pressure drop across the stenoses (as measured at a position

b cm downstream). The effect of changing the downstream resistance

was similar in all sitﬁations,'Q\e., water at 122 mm Hg and bentonite P

at 118 and 151 mm Hg. The pattern, was similar.for every stenosis
employed (i.e. 53%, 75%, 8%% and ) but as tbé degree of stenosis

was increased there was a greater pressure drop.

It was furiher shown that there may be a significant pressure
drop across a stenosis which causes a reduction in cross-sectional
area of .slightly in excess of 50%; howevei, this is only acﬁieved
with'very low downstream resistance, When the 53%% stenosis was em-
ployed wifh the 0,13 and 0,18 cm downstream resistances (i.e. the
tightest) there was no pressuré drop across the stenosis ﬁhen the
\0.23 and 0{32 cm dounstréam resistances were employed very little
~drop in pressure across the étenosis occurred. When the legst narrow
downstream resistance (i.e. 0,64 cm), however, was employed there

was an appreciable pressure drop (i.e. greater than 10 mm Hg and

about 50% of the upstream pressure).

.

In theilr pressure profile De Vries and Van den Berg26 showed

that the lateral pressure immediately downstream of the stenosis



was lower than the pressure at some distance downstream (i.e. the im-
mediate pressure drop was somewhat greater‘than the sustained one).
The preésure profiles of the constant préssure experiments (see
figures 2, 3, 4, and 5) did sometimes show a small rise in pressure
further downstream but usually not as marked as that indicated by

De Vries and Van den Berg. The abrupt nature of the‘very narrow
metal diaphragm used as their stenosls probably caused more local-
jzed turbulence within the vicinity of the stenosis and thus accounted
'for the greater immedlate pressure drop. A further factor may be that
De Vries and Yan deh Berg employed‘ﬁater as the perfusion solution
wﬁile in the constant pressure experiments bentonite was employed

(as well as watef). When bentonite was employed thsre was a tendéncy
for the pressﬁre downstresm to stabilize more quickly (i.e. less of a-
séquential rise ih:pressure downétream was recbrded).W This was espec-
iallf marked with the severe stenosis (i.e. 97% - see flgure 5).

This was probably due to the higher viscosity (3.2 times greater)

~of the bentonite solution tending to diminish the'turbﬁlence caused

by the stenosis.

For the constant pressure experiments with wafer aé the perfu-
sion solution‘an'gnomalous finding occurred when the 0,18 cm down-
stream resistance wés employed with the 53%, 75% and 8%% stenoses
(see figures 2, 3 and 4). There was a marked drop in pressure 1;5
cm dounsiream of theAstenOSis butvthe pressuré rbse again veryfv
rapidly so that 4 cm downstreaﬁ the dowﬁstream pressure was nearly
equal tolthe upstreambpressure. This unuéual finding was not ob-
served whén bentonite ﬁas the perfusion.solution or wilth any of

the other downstream resistances using water., This phenomenon 1is
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probably due ‘to boundary layer separation immediately downstream of
- the stenosis when flow rates are at the transition betﬁeen laminar

and turbulent flow.

For the constant flow experiments, employing bentonlite as the per-

fusion solution, upstreanm and downstream pressure increased linearly

with flow if the downstream resistance and stenosis were kept gonstant.

When the downstream resistance and the stenosls were kept constant
while the flow was increased. there occurred an increase in upstream
-pressure that was proportional to the total resistance - stenosis plus
downstream resistance (see figure 6). When the downstream resistance
was kept constant (with any degree of stenosis) while the flow was
increased there: occurred an increase in downstream pressure that was

proportional to the downstrean resistance (see figure 7).

. There;was.no appreclapie pressure drop'across the stenOSis until
~ the resistance across the stenosis was a significant part of the total
resistance (1.e. stenosis plus downstream resistance)., As pointed out
by Fiddian35 the system behaved as two resistances in serles. There
was a pressure drop across the 53k stenosis (resistance = 0.5 ARU's)
only with the 0,64 cm downstream resistance (resistance = 0 ARU's)
(see figure 2). There was no pressure drop across the 75% stengsis
(resistance = 4 ARU s) with the.O. 18 cm downstream resistance A?
(resistance = 30 to 35 ARU's), but there were significant pressure
drops with the other downstream reslistances (resistance ='8, 5 and

0 ARU's) (see filgure 3), For the 8% stenosls (resistance = 8 ARU's)
there begins to occur a small pressure drop with the 0.18 cm down—v
stream resistance (resistance = 30 to 35 ARU's), but there were very

marked pressure drops when the lesser downstream . resistances were

employed (see figure 4). Hencs, ‘4t is the resistance of the stenosis
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with respect to the total resistance that determines the degree of pres-

sure drop across the stenosis.

A' change in downstreaﬁ reéistance, in the cdnstant pressure ex-
periments, Bad.no significant effect on pressure drop that gould not
be accounted for by the change in fiow rate, Therefore, avdecrease
in downstieam resistance. in the constant pressure experiménts, only
increased the pressure drop across the stenosis because it increased
ihe‘flo# rate, In the cohstant‘flow experiments, if the downstream
resiétancg was changed but the flowvrate was kept constant there was

no increase in the pressure drop across the stenosis.

The pressure drop ‘across a stenosis is relatively independant
of the viscosity of the perfusion solution (at least if the viscos-
ity does not exceed 0.032 cm /sec). Referring to figure 8 one can
wwWemmkwuﬂhfmimm%eh?m%ueﬁ@wﬁhﬁww&
‘almOSt identical for the constant yréssure experiments with water
or bentonife and the constant flow expériments with bentonite; Al-
though an increase in viscosity tends to increase drag (iending to
increase the pressure drop across a stenosis) 1t also tends to dim-
~inish turbulence (tending to decrease the pressure drop across the
1),

stenosis) (Byar™ The pressure drop, therefore, 1§ not propor-

BN .
tional to the viscosity of the perfusioh solution.
§ , . / .

—
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SECTION II
Effect of Changes in Vascular Resistance and Blood

Flow on‘the'Pressure Drop Across Minor Stenoses

Placed on the Dog Tﬁoracic Aorta,
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* INTRODUCTION

The results of the preceeding section suggest the possiblility
that a stenosis which produces little pressure drop under conditions
of high downstream resistance may produce significant pressure reduc-
tion under conditions of lowered downstream resistance. This le? to
the investigation of the possibility that a minor stenosis, 1.e. one
that produces 1ittle pressure OT flow reduction onder control condi-

tions, may Become significant, i,e. produce significant pressure and

“flow reductlons, under conditions which decrease the peripheral vasc-

ular resistance. Three vasodilator substances vere employed (hista-
mine, isoproterenol and aoetylcholine) to simulate varying physiologi-
cal conditions of decreased peripheral vasculaf resistance. These
drugs were infnsed intra-arterially to eliminate as much as possibie
their cardiac effects and to maximize théir‘peripheral-vascular
effects. The dog thoracic aorta was employed because{' (1) -the in-
tercostal arteries could be~osed'for pressure tapsi (2) $ts internal

diameter was similar to that of the acrylic model employed in the

previous section and (3) 1t could simulate very readily the clinical

phenomena of aortic coarctations. Three degiees of constriction (50%,
70% and 80% reduction in area) were employed in the first series us. .g
histamine as the vasodilator to determine which degree of stenosis
would glve & minimal drop in pressure. The results of the first serles
suggested that 70% was such a stenosis, therefore in the next two

series (using isoproterenol and acetylcholine) a 70% stenosls was

used with two drug doses. In the serles with isoproterenol and
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acetylcholine a second and larger drug dose was employed to see 1f any

further increase in pressure drop could be obtalned.
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MATERIATS AND METHODG |

Three s'ericu' of qxperlmcnts were carried out on nine mongrel
dégs (weiéhts 14,5 - 23.5 Kg), that is, three dogs in each series.
The dogs were anaesfhetizeq with sodium pentobarbital (Nvmbutal“)
(30 mg/Kg), anaesthesia was malntained by giviﬁé 3 mg nemblital when
necessary fér'the duration of the‘experiments. Immediately after
induction the trachea was intubated and a cannula was placed in the
Tieght cephgllc vein‘of the forelimb for the administig fon of anaes-

'’

thetic. The animals were respired with a Harvard respiromeﬁér.

A lateral thoracic incision was made between the fifth and
sixth r%és. The fifth and sixth ribs were removed, the chest cage
was spread apart by means of rib spreaders and thewthoracic aorta
and the third to the elghth intercost?; arterles on the both sides
were exposed by blunt disséction. The third to the eighth intercos—-

"tal arteries on the left side were cannulated and those on the right

S,
-~

Lent B

side as well as.the second and the ninth on both sides were tied 6ff.
" The cannulas in the third to the seventh inte ©stal arteries were
connected to five Statham presel.xre transduc- ~= .wo model P23AA and
.>three model P23Db) and recorded on five ch&_ﬁﬁgf;:f a Beckman dyno-
graph, See figure 9 for schematic 111ustration‘of preparation, Mean
;rterial pressure was oéi;ulated frﬁl these recordings (Systolic + ‘
2 X Diéstolic)/B). The cannula in the eighth intercostal artery

was used to infuse drugs intra-arterially at the rate of 1 ml/min

" to the 1oy}er half of the body. A flow probe (A—SOOO.seriés‘ trans-
ducer, Parks Electronic Laboratories) was placed upstream of the

third intercostal artery and connected to a ultasohiciflowmeter

NI
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(Doppler Flowmeter Model 803, Parks Electronic Laboratories) and this
output was rec&rded simultaneously with the arterial pressuxes On the
 Becknan dmo@éphs The flowneter was calibrated at-the end of the
experiment by timed collections from the aorta cannulated distal to
the flow probe. Vascu,la.r‘ resistance (in PRU's) was calculated by
<

dividing mean arterial blood pressure (in mm Hg ) by rlow {in m;/sec>»
Minor stenoses were applied to the dog aorta between the fourtn and
fifth intercostal arteries, A calibratea externally variable 0.5 cm
wide stenosis wés'used and the stenotic areas were then expressed &s
percent reduct ¢n of normal aree, i.en;percent stenosis. Flow and
downstream vascular resistance were varied by the intra-arterial in-

fusions of .elther histamine (1 pg/Kg/min ), isoproterenoli(O.Z'énd 0.5

ng/Kg/min) or acetylcholine (0.5 and 1.0 ug/Kg/min) in the three series

respectively under control conditlions (i.e;°no stenosis = Ok) anc
when minor‘stehoses were applied., 50%, 705 and BQZ stenoges were c
enployed in the experimenis employing histamine. A 70k stenosis was
emplo&éd in the experiments using isoproterenol and aéetylcholige.
Each drug infusion lasted fifteen ninutes aﬁd was preceeded.and |
followed by a fifteen minute infusion of saline'(or 0.03% ascorbic
acid in saline in ihe case of isoproterenol), The last five minutes

of the anfusions of the drug wes compared with the last five minutes

of t.e wrecceding saline infusion.



RESULTS

A, Vasodilation by Infusions of Histamine

sThe results of the experiments using histaminé on the dog thor-
acie aorta are illustrated in figure 10 and table III. It can be
seen that the effept'of histamine (1 u@/Kg/min) on the sttream pres-
sure was similar with the 0%, 50%, 70% and 80% stenoses, that 1is,
the average upstream pressure was decreased from about 110 to 95 mm
Hg by the infuéion of histamine., The efféét ofvhistamine (1 pg/Kg/
min) on flow and downstream‘resistance was in 6pposite directions -
as would be expected. Thus flow was increased and downstream resist-

ance decreased.

During the infusion of saline constricting the dog thoraéic
sorta by up to 80% had no effect on the ﬁpstream pressure. Increas-
&ng'degrees of cohstriction, however,’decreased the flow, ilncreased
the downstreanm vascular relistance énd increased the pressure dropu
The decrease in flow waé not significént for the'ﬁo% reduction (%ch =
--9t7y p>0,05) but it became significant when the aorta area was “e-
duced by 706 (%ch = -18%3, p<0,05) and highly significant when the
stenosls was increased to 80% C%ch = —25t2; p<0.01), The increase
in downstrean vascular resistance was not significant for a SQ% (%ch =
lZflO, p>0.05) or a 70% (hch = 23i63 p>0,05) reducticn in zorts area
but was significant for an 80 steﬁosis (beh = 29i4, p<0.05). There
was no pressure drop caused by the S50% stenosis (lfl mm Hg, p>0.05)zv
a small one by fhé 70% stenosis (5£2 mm He, p>0.05) and a noderate

one by the B80% 1=2duction in the area of ihe dog thoraclc aorta



0 % 50 % 70 % 80 %
T - T T S SR S
Saline  Hist [Saline . Hist |Saline Hist |Saline  His!
| ug/kg/min 1 g/kg/min l119/kg/min | ug/kg/min

001 S~y | Ty —

S0p

T

Upstream Pressure(mmHg)
~
O

A I’
o .

o,
i /
|
|
= .
Pressure Drop(mmHg

30L

Flow (mi/sec)

@

%

0] — | "
IO

N

o
Downs!ream Resistance (PRU)

" Figure 10: Effect of intra-arterial infusions of
histamine on upstream pressure, pressure
drop, flow and downstream vascular re-
sistance under control conditions and with
50%, 704 and 80% stenoses applied to the
dog thoracic aorta.



Effect of intra-arterial infusions of

Table III -
: histamine on upstream pressure, Pressure
drop, flow and downstream vascular e
istance under control conditions and
with 50%, 70% and 80% stenoses applied
to the dog thoraclc aorta.
| A ]
% Infusion Upstream | Fressure Flow Downstream
Stenosls Pressure Drop (ml/sec) Resistance
(mn Hg) | (mm Hg) (PRU)
0 Saline 109 071, 22.5 5.9
Hist. (1 ne/ 95 o0 24,6 L.7
' Ke/min)
50 Saline 108 171 19.6 6.2
Hist. (1 ng/ 97 2-0 22.4 4.9
Kg/min) )
70 Saline 111 552 18.6 7.5
Hist. (1 ng/ 96 6-2 21.2 5.9
Kg/min) :
80 Saline 109 107k 16.7 7.9
Hist. (1 ng/ 95 13-5 - 16.3 6.7
Kg/min) |
L. — 1

L7a
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(10%4 pm He, P>0.05).

With no stenosis (0%), histamine caused an increase in flow (22.5

to 24,5 ml/sec) but the increase was not significant (%ch = 9f3, p*0.05),

Downstream vascular resistance, however, was gignificantly»decreased

48

(5;9 to 4,7 PRU, %ch = -19&3, p<0,05). "I‘here was no pressure drop N

during the saline or histamine infusions.

Wﬁen the'jq% stenosié was applied to the dog thoracic aorta the
intra-arterial infuslon of histamine (1 ug/Kg/min) caused a signifi-
cant increase in the blood flow (19.6 to 22.6 ml/sec %ch = 13%;
p<0,05). There was a decrease in downstream fresistance (6 2 to 4,9
PRU, %ch = —22-.6, p>0.05). A significant pressure drop was not record-
ed across the 50% stenosis either durlng the intré-arterial infusion

of saline or histamine (1¥1 and 220 mn Hg respectively).

with the 70% stenosls, histamine caused an increase in flow (lé.é
to 21.6 ml/sec, %ch = 13t5, p>0.05) and a significant decrease in
dounstreaﬁ vascular resistance (7,1 to 5.5 PRU, %ch = —25t5, p<p.05),
The pressure drop was minor (5t2 mm Hg) aﬂd was not significantly in-

creased (6T2 mnm Hg) by histamine (ch = 151 mm Hg, p»0.05).

Infusion of histamine caused no increase in flow (%ch = ité,
p>0.05) when an 80% stenosis was in place on the dog thoracic aorta.
Downstream vascular resistance was decreased (7.9 io 6.7 PRU, %ch =
‘-2216, p>0.05) and the pressure drop was increased from 10t4 to
l}fj mm Hg (ch = Btl mm Hg, p>0.05); ho#ever, neither changes were

significant,
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The intra-arterial infusion of histamine (1 pg/Kg/min) under
céntrol conditions (UF stenosis) and with stenoses applled (50, 70
and 80%) generally caused an increase in the blood flow and a decrease
in downstram vascular resistance. Thesé chénges,'however,'were not
always significant; The histamine infusion tended to increase the
pressure drop across the stenoses but the increases observed were

very slight and not significant.

B. Vasodilation by Infusions of Isoproterenol

The resulfs of the experiments using isoprbterenol on the dog

thoracic aorta are illustratéd in'figure 11 and table 1V, It can be

seen that the effect of isoproterenol (0.2 and 0.5 ng/Kg/min) was to
decreése the upstream pressure, lncrease the floﬁ, decrease the down-
strea_m vascular resigténce and tend to inerease the pressure dfop
across the 70% stenosis, It can also be observed‘th;t_constricting
the dog thoracic aorta by 70% increased the upstream pressure only
s1ightly from 100 to 105 mm Hg. Further, the 70% stenosis had no
significant effect on fiov (%ch = —9t11, p>0.05) or downstream vas-
cular resistance (%ch = 13t7, p>0.05). vThe pressure drop across the
stenosis was minor (7t3 mm Hg, p»0.05) during tﬁe infusion of

?

saline.

With no stenosis (0%) isoproterenol (0.2 ng/Kg/min) caused a
decrease in upstreanm pressure (ch = -15 nm Hg), an incréase in blood
flow (%ch = 8ﬁ3, p>0.05) and a decrease in downstreanm vascular res-
istance (%ch = -32t8, p»0.05). The larger dose (IPN Q.5 pg/kg/min)

caused a greater drop in upstream pressure (ch = -25 mm Hg) and.

\
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Figure 11: Effect of intra-arterial Iafusions of 1so-
proterenol on upstrean pressure, pressure
drop, flow and dowis ifcalm vascular resist—
ance under control conditions and with a
70% stenosis applied to the dog thoracic
aorta
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. Table IV - Effect of intra-arterial infusions of

- isoproterenol on upstream pressure,
piossure drop, flow and downstream
vascular resistance under control con-
ditions and with a 70% stenosis applied
"to the dog thoracic aorta.

% Infusion Upstream | Pressure Flow ‘D0wﬁstréam.
Stenosis Pressure Drop (ml/sec) Resistance
. (mn Hg) | (mm Hg) (PRU)
0 Sa.lir(xe 101 -1h 18.9 5.2
IFN (0.2 '
ng/Ke/min) 86 171 | 23.9 3.7
Salir(le 99 0f1 18.1 5.6
IPN 0.5
 pe/Kg/min) 77 1 22.2 3.5
70 Salir(u(a) 104 723 16.8 3
IPN (0.2 ‘ :
g/ Ke/min) 93 1074 23.8 4.1
Salir(le 106 | 6% ~18.9 5.7
IPN (0.5 ‘ |
yg/Ke/min) 83 15 23.1 3.7
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increase in blood flow (%ch = 25-24, p>0,05) and a very significant
decrease in downstream vascular resistance (%ch = ~40O=ly, p<0,01).
1nere was no pressure drop with no stenosis applied to the dog thor-

acic aorta,

With a 70% stenosis applied, the intra-arterial infusion of
isoproterenol (0.2 ng/Kg/min) caused a decrease in upstream pfessure-_
(ch = -10me Hg), an increase in blood flow (%ch = Mltl9, p*0.05) -
and a significant decrease in downstream vascular resistance (%ch =
-38t6; p<0,05). The larger dose (IPN 0.5‘pg/Kg/min) caused a greater
drop in upstream pressure (ch = <20 mn Hg) but the 1ncr§ase in blood
flow was less (%ch = 23t8, p>0.05) than that cauéed by the smaller
dose., The decrease in downstréam vascular resigtance caused by the
larger dose was significant C%chbu —42t7, p(0.055\apd somewhat greater

than that caused by the lower dose.

-

The smaller dose of isoproterenol (0.2 pg/Kg/mih) caused\éx\

s
~
~
.

' sljght increase in pressure drop across the 70e stenosis from ?t3 \\\\\

to 1014 mm Hg (ch = Btl ﬁm Hg, p>0.05). The larger dose (IPN 0.5 ™
ng/Kg/min), however, caused a significant increase in the pressure

drop from 6¥2 to 141 mn Hg (ch = ) mn Hg, p<0.05). Therefore,

for the 70% stenosis, the smaller doée‘of isoproterenol (0.2 ug/Kg/min)
caused-a greater increase'iniblood~flow (41% vs 23%)bbut less of a

decrease in downstream vascular reéistanée ('38% vs ~U2%). than the

larger dose (IPN 0.5 pg/Kg/min). Furthermore, the increase in the

pressure drop was greater for the larger dose (i.e. 8 vs 3 mm Hg).

~
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C. Vasodilation by Infurion of Acetylcholine

The results of the experiments using acetylcholine on the dog
thoracic aorta are illustrated in figure 12 and table V. i£ can be
observed that, as in the first two seriles, consificting the area of
the thoracic aorta by 70% had no effect on upstream pressure. The
20% stenosis caused no significant decrease in blood flow C%qh =
—llfj, p)0.0S) or cgange in»downstream vascular resistance (%bch =
Ot123 p>0.05); The 70% sfenosis caused only a minor, though signifi-
cant, pressuré drop of 671 mn Hg (p<0,05)."1t can further‘be seen
that the effect of acetylcholine (0.5 and 1.0 ng/Kg/min) was to de-
crease the upstream pressure, increase the. blood flow, decrease the

'downstream vascular reéistance and increase the pressure drop across

the 70% stenosis; and that these effects were generally greater at

the larger dose,

~Wi£h.no stenosis applied to the dog thoraclc aorta (Q%) the
smaller dose of acetylcholine (0.5 ng/Kg/min) caused a decrease in
upstream pressure (ch = -15 mm Hg), a significant increase in blood
flow (%ch = 22t6, p<0.05) and a significant degréase in downstream
vascular resistance (%ch = -30%4, p<0.05). The larger dose (Ach
1.0 'pg/Kg/min) caused the same .decrease in upstream pressure as the
lower dose (i.e. ch = -15 mm Hg), a élightly greater increment in
blood flow (%ch =2557, p<0.05) and a slightly greater decrease in
downstrean vascular resistance (%ch = -33:5, p€0.05). The increase
in blood\flowbwere'significént at both doses of acetylcholine as
were the decreases in dowpstream vascular resistances. There was

no pressure drop with no stenosis applied.
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choline on upstiream pressure, pressure drop,

flow and downstream vascular resistance
under cortrol conditions and with a 70%
stenosis apvlizd to the dog thoracic aorta.
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Table V -

Effect of intra-arterial infusions of

acetylcholine on upstream pressure,
pressure drop, flow and downstream
vascular resistance under control con-
ditions and with a 70% stenosis applied
to the dog thoracic aorta,
T :
% Infusion Upstream | Pressure Flow D wnstrean
Stenosis Pressure Lrop (m1/sec) | Reslstarce
(mm Hg) | (mm Hg) (PRU)
i + .~
0 Saline' oL 0-0 18.3 5
Ach (0.5 + _ o
ve/Ke/min) 81 232 22.4 4,0
Saline 89 0-1 16.7 5.9
Ach (1.0 +
ng/ Kg/min) 75 1-1 "20.8 L.0
70 Saline 90 841 16. 4 6.1
) Ach (0.5 +
ng/Kg/min) 84 1423 20.9 L6
Saline -89 6~1 "15.1 6.9
Ach (1.0 N
ng/Kg/min) .78 15-4 21.3 4.3
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With a 704 stenosis applied the intra-arterial infuslon ot

5 ng/Kg/min) caused a decrease in upstream pres-

acetylcholine (O,
sure (ch = -5 mm Hg), an increase in blood flow (%bch = 25t8. p>0.05)
and a very significant decrease in downstream vascular reslstance

(%ch = —29%1, p<0.005), The larger dose (Ach 1.0 pg/Kg/m%n) caused

a greater decrease in upstream pressure (ch = =10 mm Hg), a signifi-
cant increase in blood flow (%ch = 40t9, p<0.05) and a very signiti-
cant decrease in downstream vascular resistance (wch = ;45t3, p<0.01).
The effects on blood flow and downstream vascular resistance werc

greater with the larger dose of acetyicholine,

The pressure drop across the 70% stenosis was significantly
‘increased with the intra-ar;erial‘infusion of the smaller dose of
acetylcholine (0.5 ng/Kg/min) from 8%1 to lutB nm Hg (ch “vétl mm
Hg, p<0.05). The larger dose (Ach 1.0 ng/Kg/min) caused a greater
increase in presﬂureldfop from 651 towgsfh am Hg (ch = 9t3 mm‘Hg,

p>0.05), though the result was not statiati~ally significant.



DEseUsL Lo

These oxperiments show that when nletonen arse appbled to the deg
¥

Lhoracie aorta, durtng the infuston of naltne, there Yo o presnte
i . ¢
drop across a H0b slenosds (Mbatamine axperiments Vol omm g, o win

5

imal one across Lhe Y06 stenonds (hi. tamine expe Tmente, S -0 omm e,

¥
{poproterenol experiments /-3 mm He and acelyleho oo expen T
Bl mm H;:,) and o moderste one acron s the B0« stenonts (hintamd e
1 . X
axperiments 10-0 mn He ). Thoeretors, consbrtetin the aorta b
to 804 1n luminal area did 1ot cawio n JLent tionnt pressune dien
across the stenosis,  Thisg 10 in agreement with the vesulto feams

6,8,1¢ . , s
by others)' ’L"‘), aho fournd that wlth resting peripharal restotanoe

marked constrictions of the aorts 1ln the order of W to Y. lumind
ares occlusior were necessary; to cause a slgnitficant pressure el

tion.

During the infuslon of saline, there was a nonsignlficant de-
crease in blood fluw caus:d by the 50% stenosis (histamine experi-
ments —Qt?%), avsmall decrease by the 0% stenosis {histamlye ex-
periments -18t3%, isoproterenol experiments ~9tll%, and acelylceho-
line experiments —lltjk) and n mederate decrease by the '”%jsh noals
(histamine experiments 725t%$ﬁ. Therefore, constrictin, the aorta
by up to 806k luminal area digxhot greatly reduce the blood flow.
This is in agreement with the resulte of others5’b'?’6, who found
that with resting peripheral resistance very severe constrictions

in the order of 82 to 94% were necessary before a significant de-

crease in blood flow occurs.



During the infusion of saline, there was no significant change
in downstream resistance caused by a 50% stenosis (histamlne experi-
ments _Z-WQ%) or & 70% tcnosis (histamine experiments 23-6p iso-
'proterenol es Derlments 13 7% and acetylcholine experiments O-~2Z
put. it wes mode:agc;y “nereased by an 805 stencsls (hlstamlne eugari—l.

4
merts 29-4%). Others nave not commented on the eIfect of 2 suenosib

on dbwnstreamf}esistance aside from the

occlusion causes hypoxia and a decreass

Tﬁekfinding +hat there was no decreucc in downstream resisténéé when
the aor£a was constricted by ﬁp'to 80% in luminal area indicated
that “he stenosis was not severe encugh to cause hypoxia that would
have caused peripheral vasodilation. -The reason for the moderate

increase in downstrean resistance wlth an 80% stenosis 1is obscure,

Constricting the dog thoracic aorta by up to 80x . had no apprec-

jznle effect on the upsirsamn dressure - therefore, the¢e exper! nts
hY

- be considered essentlally constant pressure. Hence one would
xpect, from the results“of‘thé constant pressiu izodel expériments
(sec%ion IA),a decrease In downstrean (peripheral ) resistance wouid
cause en 1néreaLe 5n Tlow, a decrease in unstream and downstrea
prageures and an jnereases presgure AIop GCIOES the stenosis.  Intra-
orteriel adnini  cation of higtaminc, isoproterenol and ecetrylcholine
did cause o decrease N the dovstrean vasculer reslstance, &n in-
¢-spse in blocd flou, a decrsasc in upstrecnm and downsirean pressu:es

3

end Tentod to Lacrsass the pressure drop atross the stenosie.

9&6 231.,22,23 ;

save Found that a decrszase In peripheral res-

and on oneresse 1n blood flou incrsases the prsssure drop
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across a stenosis. The effect of changes in peripherai“resistance

on stenoses placed on the dog thoracic aorta in vivo, however, have

N
not been studled before. 'J

Froz the histamine experiments, 1t was discovered thrt there
was no pressure drop across the 50% stenosis either durlng the«intra—
arterial infusion of saline or histamine (ltl and 20 mm Hg‘%gspec—
tively). Therefore, a 50% stenosls 1s 1nsignificant under control
or reduced downstréam vascular éesistance. With a 70% stenosis the
pressure drop was mingr (5t2 mn Hg) and was insignifidaqﬁly increased
’by histamine. The BQ% stenosis caused a pressure drop of lOt4 mm Hg
which was increased slightly by histamine. Fron the histamine experi-
ments it was concluded that the stenosis whichsgave a minimal pressure
drop was 70x. Hence, 706 was a minbr stenosis and it . the degree

of stenosis used in the isoproterenol and acetylcholine experiments.

2l

From the isoproterenol and acetylcholine experiments, in which
two doses of the vasodilatbr substance were employed; it was found
that the lexrger dose caused a greater decrease in aownstream vascular
fesistaéce vhich ugually caused & greater decreasé in upstream pres-
gsure, increase in blocd flow and pressure drop acroes the stenosis.
| 8,9,11,16,17,18,20,21,22,23

This is in agreement with the results of others

that the effec* of a given arteriel stenosis ¥ill be dependant’ upon

the peripheral vascular reslstancc. In these experimentsﬁ;wdy fairly
small incfeases in blood flow and decreases in peripharal reslistance
vere obtalned (i.e. 20 i 40%). During physiologicel conditions such

e exerclise, however, the biood lou in the aorta can be increasec 1o

nore than 004 2 the peripheral wesistance can be markedly reduced.



Therefore, if the physiologlcal conditions of exercise could have

been simulated one could anticipate much greater pressure drop across

the minor stenosis.
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SECTION II1

Effect of Changes 1in Vascular.Resistance on the
Fressure Drops Across Minor Stenoses Placed on

the Perfused Dog Ileo-Femoral Artery.
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INTRODUCTION

The results of the preceeding section showed that vasodi}ation
produces an increase in the pressure drop across a stenosis. The
vasodilation, however, was achieved with an increase in the blood
flow, It was not shown whether it was the decrease in downstream
vascular>resistance or the increase in blood flow that caused the
increase in pressure drop across the stenosis. 7o separate tbe in-
crease in flow rate from the decrease in dowgstream vascular resist-
ance iﬁduced by the 3intra-arterial infusioh of a vasodilafor_sub—

. stance a third section employing a constant flow set-up was added -
the perfused dég ileo-femoral artefy. This enabled the blood flow
to be held constant during the Intra-arterial infuslon of a vaso-

dilator substance - acetylcholine.

The dog ileo-femoral artery was employed because: (1) 1t could

be perfused without greatly‘effecting‘the general condition of the dog,

(2) #¢ could be isolated from other'vascula¥ connections and (3) up-
streas and downstream pressures could be rqadilylmonitored by‘arterial
branches. .Acetylcholine was chosén as the vasodilator substénce be-
cause it is quickly broken down by the cholinesterases so tha£‘the
vasodilation only occurred_in the per%used 1imb, - Stenoses with inter-
nal diameters of 2.44 mm, 2.26 mm, and 2.06 mm which réduced the
arterial area‘by approximately 60%, 70% and 75% recpectively Were

used in order that the stenoses employed were below critiéal; A
.secqnd and larger dose of apétylcholine (0.5 vs 0.2 pg/Kg/min) was
employed to see 1f any incréase in Pressure drop caused by the first °

dose could be enhanced by a further drop in Peripheral vascular

2
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resistance caused by the second larger dose,
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MATERIALS AND METHODS

Expe;iments were performed on six mongrel dogs (weights 14 -
22.5 Kg)., The animals were anaesthetised with sodium‘pentobarbitallx‘
(NembutalR) (30 mg/Kg) and given 3 mg nembutal when necessary for
: thé duration of the experimenté. Immediately after induction the
*vachea was intubated and a cannula was plaﬁﬁh in the right cephalic
veln of the forelimb for the administration of anaesthetic. If nec-
essary the animals were respiratéd with a Harvard respirometer,
The left brachial artery:(in two dogs) was camnulated to monitor
syétemic arterial pressure, which was measureg with a Sfatham model

P23AA pressure ‘“ransducer,

" The hind 1imb was perfused as follcws. A midline abdominal
incision was made and the dorsal aoria, the Tight and left iliac
arteries, the caudal artery and the femoral profﬁndus_branch Were
exposed by blunt dissection., The lumbar arteriés and small branches
of the femoral artery were tied off to elimihate anéstqmot}ckblood
flow. The animal was heparinized with an intravenous injectlon
(5 mg/Kg). The caudal artery was cannulated to monitor upstream
pressure. The femoral profundus branch was cannulated to monitor
proximal downstream pressure. .Another incision ¥a$ made on the
medial side of the right leg péralleiing the femofai artery and
the right femoral artery and a small‘branch about 5 cm distal to
the femoral profundus branch were exposed by blunt dissection, and
it was cannulated to monitor downstrean pressure. The positions

of these cannulas 1is shown 1in Figure 13, The above three cannulas

were connected to three Statham P23Db pressure transducers and
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Figure 13: Illustration of preparétioh for the
experiments on the perfused dog ileo-

femoral artery.
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recorded simultaneously on three channels of a Beckman dynograph, A
cannula was inserted %nto the left iliac artery to return the blood
to the right hind 1limb. Another cénnula was inserted into the dorsal
aorta and pushed well up into the aorta and tight ligatures were
placed downstream around the aorta to eliminate anastomotic blood
fléw‘to the hind 1imb; this cannula was connected by means of a Y-
tube to tygon tubing (2.5 mm ID) through which blood from the aorta
was pur, »d with a Hervard Peristaltic pump through a thermostatically
controlled wafei bath maintained at"38°C and back into the left iliac
artery to peffuse the right 1imb, See figure 13 for set-up. The
flow was adjusted so thatAthe perfusion pressuré,approximated the
systemic arterial pressure as recorded from the brachlal artery. In
those dogs in which systemic pressure wWas not monitored the flow was
ad justed éo that the perfusion pressure was apbroximately 100 mn Hg.
Drug§ were infused, at the rate of 1 nl/min, through a three-way
connector Jjust frior to where the blood entered the perfused limb.
‘MAll'the transducers. were éa;ibrated simultaneousiy with 2 mercury
manopeter at the beglnning of the experiment, before application

of each stenosis and at the end of the experiment:

An external stenosis one centimeter long was placed on-the
iliac arterxry one cehtimetér upstream of the femoral_profundus art-
ery. The’in}ernal diameters of the stenéses were 2. 44 mm, 2,26 mm,
and 2,06 mm; these reduced the arterial area by approximafely 604,
704 and 75%‘respectively. The 2.44 mm ana 2.26 mm~stenoses were
placed on the iliac artery of five dogs. The 2,06 mm stenosis was

. H
placed on the iliac artery of four dogs. The/%lood flow was main-—~



tained‘at a constant rate for the control and each stenosis employed.
j'or each stenosis as well as for the control five ten-minute drug
infusions (at the rate of 1 ml/min) were performed: saline, acetyl-
choline 0,2 ng/Kg/min, saline, acetylcho.line' 0.5 ug/Kg/min,\ and saline,
In each case the average pressures and resistances of the iast’five
minutes of the infusions of acetylcholine were compared to the last
five minutes of the prgceeding saline infusion. Vascular resistance
(in PRU's) was calculated by dividing the arterial pressure (in mm Hg)
by the blood flow (in ml/min). The proximal pressure drop was taken
t0 be the upstream pressure (as measured f¥om the caudal artery)

minus the p:oximal downstream pressure (as measured from the femorai'
profundus artery). The distal pressure drop was taken to be the up-
stream pressure minus the distal downstream pressure (a§ measured
from the branch of the femoral artery 5 cm distal to the\femoral pro-

“undus artery). \



RISSULTS

The results of the constant flow experimcnts on *he dog 1leo- A
femoral artery are {1lustrated in figure 1% and table VI; It can be
_ seen that with progressively more scvere stenoses the upstream pres-
sure rose (no stenosis - 125 mm Hg) 2. m (60%) - 160 mm Hg, 2.26
mm (?d%) - 170 mm Hg, 2,06 mm (75%) ~ 185 mm Hg.) One effcct of an
intra-arterial infuslon of acetylcholine (0.2 or 0.5 pg/Kg/min>'was
to decrease- the upatream pressure by decreasing the vascular resist-
ance because the flow was kept constant. Furthermore, the decrease

in upstream pressure were greater at th~ larger dose,

The ‘intra-arterial infusions of acetylcholine caused signifi—
cant decreases in vascular resistance under control concltions and
when stenoses wérc applied. Furthermore, the changes were,gren
at the 1““vr‘ dose. With no stenosis (control) acetylcholine catsed
very significant decreases in vascular resistance (Ach 0.2 pg/Kg/min,
%ch = -35—6 p<0.005; Ach 0.5 pg/Kg/min, 7ch = ~140%6, p<0.01; n=b).
With the 2,44 mm stenosis the decreases were also very significant
(Ach 0.2 pg/xg/mn," %ch = -35%2, p¢0.001; Ach 0.5 pg/xg/min, %ch =
—46t3, p<0,001; n=5). With the 2.26 mm stenosis the changes were
very similar to those observed with the 2.4 mm stenosis (Ach 0.2
ng/Kg/min, %ch = 3653, p<0.001; Ach 0.5 pg/Kg/min, %ch = —42-L+
p<0.001; n=5). The decreases in vascular resistances were also
significant with the 2,06 mm stenosis eAch 0.2 ng/Kg/min, %ch =

.-27—6 p<0,05; .ch 0.5 pg/Kg/min %ch = %3 peo,001; n=t).

There were si nificant pressure drops across all stenoses
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Table VI - Response of the perfused dog hind 1imb
_ to intra-arterial infuslons of acetyl-
"":3::, choline under control conditlons and
:f;;‘:\ with stenoses applied.
Stenoslis Infusion Upstream Pressure Pressure Vascular
' Pressure Drop 1 Drop 2 Resistance
(mm Hg) (mm Hg) (mm Hg) (PRU)
0% Saline 123 Al 34 1,63
Ach (0.2 . N
ng/Kg/min) 79 171 1025 1.09
Saline 126 3~ 5-1 1.66
Ach (0.5 + +
ng/Keg/min, 76 2-1 104 1.0
: + + . .
2.44 mm Saline 160 . 8-2 12-3 2,12
(60%) Ach (0.2 , + +
ng/Ke/min) 103 972 1433 1.38
Saline 163 8-2 9-2 2,19
Ach (0.5 + +
ug/Kg/min) 88 10-1.5 174 1,17
2. Saline 176 M) 13 2,06
) Ach (0.2 + +
ng/Kg/min) 114 1271 1732 1.38
Saline 168 9-2 15-3 1.9
Ach (0.5 + +
ng/Kg/min) 99 121 2374 1.18
]
% | saline 189 2353 22 2.35
| Ach (0.2 \ N N
ng/Kg/min) 139 2624 2626 1,72
Saline 202 26-3 24l 2,52
Ach (0.5 : + + ‘
ng/kg/min ) 112 35-6 40-10 1.39

6/ a
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DISCUSSION

che exéeriments on the perfused dog ileq~femora1 artery,
C ihfusion of saline, there was a progressive rise in up-
strc.. uivod pressure with progressivelf more cevere stenoses., The
Harvard Peristaltic pump was képt at a constant flow setting and
thereforé the' perfusioh pressure, i.e. ﬁpstream pressure, had 1o
increase begauée the progressively more¢ sevel: sienoses increased
the resistance to flow; and F = ?/R (where ¥ = flow, P = pressure

and K = resistance).

For thelexperiments on the perfused dog hind limb, during the
infusion of saline, there was a small pressure drop across the
nm stenosis (proximal, 852 mm Hg, p<0.05; distal, 122 -3 mm Hg, D<O 05 ).
z similar small.pressure drop across the 2,26 mn stenosis (proximal,

8% mn Hg, p<0.05; diftal, 1“ 3 mm Hg, p<O. 01) but a larger pressure

' drop across the 2,06 mm stenosls (proximal 23—& mm Hg, pfO 005;

distal, 23—& mm Hg, p<0,01)., ‘Therefore, the 2,44 and 2. 26 mm sten-
oses, which reduced the area of the lumen by approximateLJ oQb and
704 recpectively, aro hemodyncw .2lly insignificant stenoses. ‘Tbe

2,06 mm stenosiz (approximately 75% reduction in area) decreased the

crterial pressure by 12:<, Thede resnlis : i agreement il those
. 9,10 s L .
o7 Hey et al , who found iizt ir the resting animal it was neces-
R ’ | :
sory o constrie” the lun acl area of the iilec artery oy 8O wefurs
o zignificant L, decrezse in arterial prc”°ure OCLUTTe, Pheretore,
231 the sienoses emnployed uerce below critical

in this seetlon whe 1l was kept ccunscant during ail iniasi

69

£



therefore, 1f there were any chénges in the pressmres it was du= to
the change in downstream vascular resistance and not to a change 1in
blood flow. The increases in pressure‘drops across ghe stenoses
caused by the intra-arterial infusions of elither dosé of acetylcholine
were very small in ﬁgmparison to the significantly lafger decreases
in downstream resistance that resulted. 7Thls concurs with the con-
sten- flow model experiments of sectionll; that if the déwnstream‘
resistance was changed but the flow rate was kept constant ther; was
no incre;se in the pressure drop across the stenosis. Tlherefore,
the increase in blood p:;ssure drop across a gtenosis elicited‘

5y changes in véscular resistances are accounted for by the chéngés

in blond flow.
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SUMMARY

The constent pressure model experiments showed that with a de-
crease in dowﬁstream resistance an increase in flow and an increase
in the bressure drop across the stenosis was observed. The pattern
was similar for every‘stenosis~(i.e. 534, 75k, 8%9% and 97%) out e

the degree‘of stenosis was increased there was a greater pressure

drop. It was further shown that with very low downsirean resistance

$p

there may Be a significant pressure drop across a 53/ stenosis.

The constant flow moael expefiments showed that when the down-
stream resistance and the stenosis were kept constanit while the flow
was incfeesed there occurred an increase in upstream pfessure that
wae proportional to the total reslistance - stenosis plus dOHnSLI7ém
resistance.- When the downstream raesistance was Kep:'constant(wf£h

y degree of stenosi s) while the flow was 1ncreesed there occurred

Xw(

an increase in downstream pressure as proportional to the down-

strean reslistance,

, a .
From the model experiments it fias shown that there was no apprec-
- /

N PR !
lable pressure_drpp~acr0és the §tehosis until the resistance across
/
the stenosis w%s a significant part of the total resistance (1.e.

snosis plus dosmstream resistance). A decrease in the downstream

resistance, in the constant pressure experiments, only increased
the pressure drop across the stenosis due to the increzsed flow ratey

‘because, in the constant flow experiments. 1f the downstream resist-
ance was changed but 'ne flow rate was keptvconstant there wes no

~
J



increase in the pressure drop across the stenosis.

sting peripheral resistance there was no pressure drop
ACTUL - stenosis, a minimal one across a V0% stenosis and a
moderate one acreoss a 80% stenosis applied to the dog thoracic aorta
in vivo. A decrease in downstream (peripheral) rc:istance caused by
the iptra—arterial administration of vasodilator substances (hista-
mine, isoproterenol or acetylcholine) increased the blood flow, de-
creased the upstream and downstream pressures and increased the
piessuré drop across the stenosis, A larger dose of vasodilator
éubstance (isoproterengl or acetylcholine) caused a greater decrease
in downstream resistapce ana a greater pressure dfop across the minor
(70%) stenosis. This showed that the effect of a given arterial

stenosis will be dependant upon the peripheral vascular resistance,

For the experiments on the perfused dog hind 1imb (i.;. constant
flow) with re;t%ﬁ%ﬁperipheral resistance (i;é. during saline infusion)
minor stenoses (i.e. 604, 70% and 777 of the iliac artery caused a
small (i,e. less than 12%) drop in a*te%i&l pressure. A decrease in
downs@regm (beripheral) resist;nce caused by the intraoaithxial admin-
istration of a vasodilator substance (acetylcholine) d*d not cAause an
inéreasc in the pressure drop. It wés concluded that the increase in
blood pressure drop across a stenosis ellcited by changes in vascuiaf

resigstance are accounted for bty changes in blood flow,
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