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UMEROUS surgical methods for increasing the blood supply to the myo- N cardium of persons suffering from coronary insufficiency have been re- 
ported. Among these are the attempts to increase the extracoronary collateral 
supply to the muscle by the induction of pericardial adhesions1 o r  the suturing 
of such vascular structures as the omentum,? muscle flaps,3 or lung1 to the 
surface of the heart. The efforts to stimulate the growth oP collateral anas- 
tomoses to the coronary system by implanting one of the internal mammary 
arteries into the ventricular myocardium4~ have yielded equivocal results. 
A new approach, used by Eeck and perfuses the coronary capillary 
bed in a retrograde fashion by arterialization of the coronary sinus. This 
procedure is not yet fully developed, nor has it been finally evaluated. F o r  
this reason, ai? investigation was undertaken to determine whether the hlood 
supply through narrowed coronary arteries could be improved by delaying the 
arterial pressure wave so that it arrives in the coronary arteries during dias- 
tole. This was accomplished by perfusing the coronary artery from one of 
the systemic arteries by interposing a suitable length of rubber tubing to delay 
the transmission of the pulse wave. 

ARTHUR KANTROWITZ, PH.D.,**' ITHACA, N. Y. 

HEMODYKAMIC ANALYSIS 

It has long been known that contraction of the left ventricle not only fnr- 
nishes the pressure head for driving blood into the coronary arteries, but also 
offers resistance to coronary flow during systole. Since the pressure source 
for and the resistance to  roronary flqw have a common origin, the measure- 
ment of phasic flow is the only method that can permit evaluation of the 
determinants of coronary flow during successive phases of the cardiac cycle.? 

The upper solid line curve (PI) of Fig. 1 is the aortic pressure curve 
which represents the central coronary perfusion pressure. The lower solid 
line curve (QI) is the phasic flow pattern as obtained with an orifice meter.? 
It will be noted that  during systole the coronary blood flow is less than during 
diastole, in spite of the fact that  the pressure head is greater. This demon- 
strates that  the peripheral coronary resistance is greatest during myocardial 
contraction. With subsequent ventricular relaxation and diminution of pe- 
ripheral resistance, coronary flow rises sharply and reaches its maximum, 
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e\-en though the pressure perfusing the coronary arterial tree a t  this time is 
lower than a t  the previous systolic peak. It is during this diastolic period, 
aiicl until the onset of the next systolic contraction, that  the myocardium re- 
veives the major portion of its blood flow. 

It \vould seem reasonal)le, then, to  assume that  il' one were able to  perfuse 
the  coronary bed with higher p r e s s m a  during diastole when resistance is 
Ion-er, a greater flow could be olitained during this portion of the cardiac cycle. 
I n  addition, one would expect that  a higher pressure applied during this 
period of time would dilate the coyonary TTessels to a greater degree. The 
dilated coronary bed would then he expected to  carry more I~loocl, and this 
would again increase the flow. It, therefore, would be clesirahle to peyfuse the 
coronary bed with pulse pressures which are not only out of phase, but which 
also hare  a high peak 
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Fig. 1.-Heavy lines inrlicate normal aortic pressure (PI) and phasic coronary flow ( ? I )  
after Gregg.7 Dashed and dotted lines indicate predicted flows when the antepor  descending 
coronary ar tery is pcrfused with pulse pressure out of phase with myocardial systole. P? 
represents proposed delayed coronary pressure : Q Z K ,  calculated flow in presumed rigid coro- 
nary system ; QZE,  calculated flow in presumed elastic coronary system. 

'l'hc magnitude of the expected increase in coronary blood flow can be 
piwlicted on physical principlcs i€ we assume a delayed and peaked femoral 
pi'ess~u'e curve such as might he achie\-ecl experimentally. I n  Fig. 1, this curve 
i l )~ul~e i i  line, Pi ) is supcriinpsccl over the rlorllli11 ciirve. The y,-qtolic pcali 
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is somewhat higher than that  of the original aortic curve, but the mean pres- 
sure throughout the cardiac cycle is the same. 

E y  applying Poiseuille’s law, which defines the moment-to-moment rela- 
tionships of pressure and Bow, a first approximation to the expected increase 
in flow can be calculated. Poiseuille’s laws is : 

where P equals the pressure head, Q the flow of blood, L the length of the 
ressel being perfused, y the viscosity of the blood, ancl r the radius of the 
1-essel, all expressed in centimeter gram-second system units. 

Let P, and Q,, respectively, equal the pressure and flow at  any instant in 
Fig. 1, and P ,  and Q2 equal the projected pressure and the new flow, respec- 
tively. We can then solve for Q 2  from the following ratio of Poiseuille’s law: 

8Lv x Q1 
~ 

rr14 P, = - 8Lv x Q Z  

PB ~ 7rrZ4 
If we presume that I,, the effective length of the coronary arterial tree, and v, 
the viscosity of the blood, do not change during a cardiac cycle, then the 

expression ~ is a constant and can he canceled to  yield the espression 81,V 
7T 

That is t o  say, if we want to know the flow at  any instant during the cardiac 
cycle when a new pressure is being applied, we must know the previous pres- 
sure, the previous flow, the new pressure a t  that  instant, and the effective 
radius of the coronary bed under the new pressure, as well as what it was 
mider the original pressure. 

The first three variables of this equation are immediately available from 
Fig. 1. The effective radius of the coronary bed, however, is information 
which we do not have. We  can, however, attempt to calculate the limits 
between which the new flow curve must fall. The lower limit would he the 
flow, in a system in which the elasticity is zero, such that there would be no 
change in radius when an increased pressure was applied. This would mean. 

then, that  the ratio 4 r,’ = I ,  ancl therefore QYr = Q1 (2)  where Qlr is the 

flow through an assumed rigid coronary bed (plotted in Fig. 1 as a dotted 
line). We can calculate the upper limit if we assume that the coronary bed is 
as elastic as the most elastic artery that we know in the body, that  is, the arch 
of the aorta, since information about the elasticity of this structure is avail- 
able. Numerous studiesg, lo have shown that when a closed section of the arch 
of the aorta is filled with fluid and the pressure is raised from 0 to 100 mm. Hg, 
then the volume is roughly doubled. Green, Gregg, and Wiggersll have show> 
that the change in volume of the anterior descending branch of the left coro- 

rl 
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nary artery is directly proportional to the change in pressure over the range 
from 20 to 140 mm. of mercury. Combining these two observations, we can 
write as an upper limit to the distention due to pressure. 

(4) 

where V, is the volume of the coronary bed a t  pressure P,, and V, is the 
volume a t  a lower pressure, P,. Dividing Equation (4) by V, and squaring 
h t h  sides we obtain 

Since the volume of a cj-lindrical vessel is 
v = 77 l.", (6 )  

a n d .  if the length remains constant during a ~oluii ie change, then the radius 
ixtio can  be found by dividing two equatioiis of this foi*m, thus : 

Squaring both sides of Equation (7) we get 

Suht i tut ing this value of the volume ratio in Equation (5) 

Tlieii 1Squation ( 3 )  becomes 

Q2 = Q1 ( ::)x (1 
- 

(10) 
We can now solve this equation for Q2 €or a series of points, and draw the 
upper limit of the flow curve Q2E on Fig. 1, which would represent the flow 
through this arterial bed if this system were the most elastic possible. The 
expected flow curve then must fall somewhere between these two limits. Ob- 
viously, flow is somewhat diminished during the latter part  of systole, but 
definitely increased during diastole. Cy measuring the areas under these flow 
curves, it was found that we could expect an increase in flow somewhere be- 
tween 20 ancl 40 per cent. 

EXPERIMENTAL 3LETNODS 

Since the increase in flow realized depends on  the elasticity of those por- 
tionr of the coronary bed which offer the largest flow resistance, and since 
this cannot he evaluated mathematically, a method was devised for deter- 
mining the gain in flow experimentally on anesthetized clogs. The thorax was 
opened under proper artificial respiration. The experimental setup is dia- 
grziininatieally illustrated in Fig. 2. A large metal cannula was inserted 
through the bracheocephalic artery into the arch of the aorta of the clog. 
This led through a Y-tube to the orifice meter ancl from the orifice meter to 
the left circumflex coronary artery which we cannulated at a point 2 or 3 mm. 
1ie;vonil where it arose from the left conimon coronary artery. It thus was 
possihle to perfuse the left circamfler coronary artery with aortic pressures 
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similar to those normally prerailing. The blood circuit from the aorta to the 
cannula in the left circumflex coronary artery is a rigid system and the blood 
is an incompressible fluid ; therefore, the time delay in the arrival of the pulse 
to the left circmnfles coronary artery is negligible. Since the central coronary 
pressure normally supplying the coronaiby lied is the same as aortic pressure, 
this ena1)led us to stncly, a s  o t h e r P ,  l3 h a w  done, the normal flow through 
the left circumflex coronary artery. 

Fig. 2.-Schematic diagram of experimental setup. (Discussion in text. ) 

To accomplish the perfusion of the coronary artery with a delayed pres- 
sure pulse, one o r  both femoral arteries were cannulated. This blood was led 
through a rubber tube, acting as a delay tube, to the other limb of the Y and 
through the orifice meter to the same cannula in the left circumflex coronary 
artery. Since normally the transmission time of the pulse down the elastic 
aorta to the femoral arteries is from .05 to .07 second, and sincc a fnrtlier 
delay of any desired length of time could be obtained by using appropriate 
lengths of rubber tubing t o  connect the femoral arteries with the Y-tube, it 
was possible to perfuse the coronary artery with pulsatile pressures out of 
phase with myocardial systole. I n  some experiments an adjustable orifice 
meter and differential manometer were used in order to measure phasic left 
circiunflvs coroiiar!. inflow. 

I n  other experiments, aortic pressures were recorded from a transducer 
in the cannula from the aorta, and coronary pressures were recorded from a 
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tiansducer in the cannula to the co1wnai.y artery. A Hathaway Recording 
S y ~ t e i n ~ ~  was used. I n  order to correct for the inherent nonlinearity of the 
orifice meter and differcntial manometer, a seleniuni photoelectric cell was 
introduced into the optical circuit of the flownieter and the output of this 
photoelectric cell was led to one of the optical galvanometers of the Hath- 
away Recording System. I>y empirically adjusting the intensity and angle of 
the incident heani on the photoelectric cell, it was possihle to  correct the out- 
pu t  of the flowmeter automatically so that  the 1-ecorcl would be a linear recorcl- 
ing of the phasic flow through the system. 

T n  four other experiments, precisely the smie setup was used except that  
;L rotameter was employed to nieasui~e iiieiin flows through the left circumfles 
c*oi'onary artery. 

I n  an attempt to design ii satisfactory delay line, the use of various types 
of tailing was esplorecl. I t  was f'omicl that  latex rubber surgical tnhing. 3 
niiti. inside arid 5 miii, outside diameters, transmitted the pulse wave at  it 

velocity of about 20 AI. pet- second and permitted use of coinparatirely short 
lengths of the tubing froni 80 to 120 centimeters. To maintain the peaketl 
rorm of the pulse wave in the delay line, it was important that  the junctions 
be constructed so as to rnininiize wave refleetiom. 

RESULTS 

Seven dogs mere used to explore the mcan flows by asinq a photoelectric 
I)nbblc flowmeter1' in a circuit similar to that shown in Fig. 2. A great deal of 
difficulty was encountered in obtaining pulse forins that resembled what we 
desired; bccansc of the comparatively long lengths of external rigid tubing, the 
effective mass of the experimental circuit was too high. Nevertheless, in some 
of the experiments it was found that, wheri the left circumflex coronary artery 
was perfused with delayed pulses, sonic sniall increase in flow (up  to 11 Der 
cent) was occasionally observed. 

In nine animals good pulse contours were obtained by reducing tlie effcctivc 
inass OC the external rigid circuit. This was done by reclncing the length to 
about 30 em. and increasing the diameter to ahout 1 centinieter. I n  each of 
fifty-six separate observations, blood flow through the left circumflex coronary 
artery was increased wlien this artcry was perfused with a pulse pressure out of 
phase with the aortic pressure, as  compared with the control perfusion when thp 
pulse pressure was in phase with the aortic pressure. The increase in all of 
these observations varied hetwecn 22 and 53 per cent. Precautions were ob- 
served to rule out consequences such as changes in temperature of the blood 
perfusing the coronary artery and tlie dilating effect of temporary myocardial 
anoxia ininiediately preceding the observed coronary flow. Sections of a typical 
i ~ ~ ~ r t l  of one of thcse experiments uring Ihe setup illustrated in Fig. 2 are shown 
in Fig. 3. In segment d, the coronary pressure is in phase with tlic aortic pres- 
siire, Init it is slightl?- distorted due to its transmission through the meter. The 
flow rapidl~-  drops to below zero in tlic early par t  of systole. After this, forward 
flow is ye-establishcd and there is sonic flow into the coronary artery during the 
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tole. At tlie onset of diastole, however, tlie flow rise.; rapidly 
and the major portion of the coronary hlootl flow owiirs during this periocl. In 
segment 13, Fig. 3, the coronary prcssure is out of' phase with the aortic pressn i .c ,  

the peak occurring during myocardial diastole. The pliasic flow again rapidl3- 
tlrops to below zero in the early part of' systole, hut remains low tliroughont this 
entire period. At the onset of diastole the curve rises rapidly arid reaches a 
peak which is almost donhle that s in segment A. O h  ionrly, tlie diastolic 
gain in flow excecls tlic loss during ole. The phasic flow curvcs are distorted 
1))- the natural freynency of tlic differential iiiarioiiieter, nliich can bc seen to 1)c 
aliout 20 cycles per second. t-nfortnnatcly, the frequency response a n d  the 

Fig. 3.-Segments of record from Dog 20. Upper curies represent aortic pressures in 
inillimeters of mercury : middle curves, coronary perfusion pressures in millimeters of nirrcui y , 
loner  curves phasic flon as recorded with an  orifice meter in cubic centimeters per minute. 

Segmerit A shows coronary perfusion pressure in phase with aortic pressure: segment I: 
shows coronary perfusion pressure out of phase v ith aortic pressure. Time line? reprewnt 
0 1 second. Mean flow IS 53 per cent greater with delayed pulse. 

daniping of the differential manometer was inadeynatc to record faithfnlly tEic 
phasic flows. This inadequacy, howercr, would not affect the recorded mean 
flow and still would give a qualitative indication of the actual phasic flow. The 
mean coronary pressures in segnients A and B of Fig. 3 are, respectively, 109 
and 105 mm. of mercury. The mean flow in segment A is 36 C.C. per minute, 
and in segment l3 it is 55 C.C. per minute, an increase of 53 per cent over the 
control. 

Sections of a record from an experiment in which a coniiiiercially available 
rotameter was used to measure blood flows are shown in Fig. 4. As can be 
seen from the record, the rotameter records, not absolute mean flows, but 
rather a sine curve from which the mean flow can be read by drawing a line 
through the middle o€ the curve. I n  segment A ,  the coronary pressures are in 
phase with the aortic pressures and are only slightly distorted by passage 
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through the flownieter. I n  segment B, the coronary pressures are out of phase 
with the aortic pressures, their peaks falling just after closure of the aortic 
valves. Althongh the peak is somewhat higher than that seen in segment B of 
Fig. 3, it is not delayed as much. In segment A the mean coronary pressure is 
112 mm. IIg and the mean flow is 35 c.c. per minute. I n  segment B the mean 
coronary pressure is 110 nini. l i g  and the mean flow is 44 c.c. per minute, an 
increase of 26 per cent. 

Fig. 4.-Section of record in Dog 23.  Upper curves represent aortic pressures in milli- 
meters of mercury ; middlc curves, coronary perfusion pressures in millimeters of mercury : 
lower curves, mean flow as rccorderl with a rotameter in cubic centimeters per minute. 

Section A shows coronary perfusion pressure in phase with aortic pressure: section B 
shows coronary perfusion pressure out of phase with aortic prcssure. Mean flow is 26 per 
cent greater with delaywl pulse. Note tha t  rotameter does not follow phasic flow changes. 

DISCUSSION 

The results o f  our cxperinients show that if it  were possible to perfuse the 
eoronary bed with peak systolic pressures during myocardial diastole an increase 
of flow through the coronary hed could he expected. This demonstration war- 
rants tlie consideration of the possible developinent of a surgical procedure f o r  
iniproving coronary flow in persons suffcring from coronary insufficiency. The 
pathologic changes o f  coronary sclerosis are such that i t  is entirely within the 
realin of possibility that this would have application in the surgical treatment 
of h iman arteriosclerotic heart disease. The atheromatous plaques in the coro- 
nary vessels are almost invariably restricted to  the main-stems of the coronary 
arteries or to  their immediate large hranches. Over 50 per cent of the occlusions 
may be found within 3 em., arid 80 per cent within 6 cm., of the coronary 
ostia.1',, l7 About 66 per cent of all occlusions occur iii the left anterior de- 
~ce i idens .~~ ,  's The distal portion of the coronary arterial tree, that  portion 
inihedded in the myocardium, exhibits only minimal disease process. Further, 
tlie sclerotic process rarely occurs in a diffuse fashion throughout the epi- 
cardial arteries, but rather as more or less diswete plaques with areas in he- 
tween avai1al)le for anastomosis. The results of the pathologic process in the 
pi*osinial portion of the coronary bed are a decrease in the mean perfusioii 

ure available t o  the coronary bed by the increased resistance of this seg- 



iiient and, thus a reduction of the coronary hloocl flow. Several arteries could 
be used to effect a dircct anastotnosis to thc left coronary artery, such as the 
internal mammary, the splenic, the inferior epigastric, or  one of several left 
iiitercostals. Any of these o r  a combination could he long enough to effect 
some delay in the arrival of the pulse ware to the coronary artery. Further, 
such an anastomosis, with the coronary arteries between the coronary ostia 
anid the point where epicardial vessels descend into the niyocardiurn, should 
effect a significant impi~overnerit in flow, lxcause it woultl be possihle to 
by--pass a poition of the diseased vessel and thus decrease the over-all resist- 
ance 01 the diseased coiwiary circuit. The improvemeiit resulting froin the 
t l i iwt anastomosis wou ld  haw to  be multiplied ljy the iniprovenient I.esultiiig 
Irom the phase shift,  so that  the final iinproveinent would be even gi*catci.. 

SUM AI ARY 

1. The phasic extravascular compression of tlic intrarnyocardi;il hranclics of 
the coronary artery caiwcs increased resistance to Row &wing 
creased resistance during diastole, 

2. It appeared that if it were possible to perruse the coronary ljccl with 
spstolic pressures during myocardial diastole, so as  to be able to take advari- 
tage of the markedly decreased peripheral resistance during this period, an 
increase in coronary flow could lje expected. This could be accomplished, for- 
example, by delaying the arterial pressure peak long enough so that it would 
o c CII r ilnuin g diastole. 

3. A theoretical analysis of the probleiti on  the basis o f  Poiscuille's l a w  
l e d  to the prediction that 20 to 40 per cent increase in flow through the left 
coronary artery might occur. 

4. A delay of the pressure pulse so that the systolic peak was held hack 
until diastole mas achieved in twenty-six dogs l)y connecting the fernoraT 
ai-tery by a proper length of tubing to the cannulated left circumfles artery. 

5. Left coronary artery flows were studied with an orifice meter in ordei. 
to  record phasic flows and with a rotameter to record mean flows. It was 
found that the experimental data confirmed the theoretical analysis and that 
augmentation of flow was quantitatively and qnnlitatively as predicted l,;y 
this theory. 

6. It is suggested that this principle may provc surgically feasihle as a 
means of improving coronary blood flow in arteriosclerotic heart disease. 

Acki,owZedgn~e),t.-We wish t o  express our gratitude to Dr. Carl J. Wiggers and to Dr. 
Robert S. Alexander for their guidance and help. 

REFEREh- CF,S 

Beck, C. S.: 

0 'Shaughnessy, L.: 

Principles Underlying the OperatiLC Approach t o  the Treatment of RIyo 

Surgical Treatment of Cardiac Ischemia, Lancet 1: 185-194, 1!)2i'. 
cardial  Ischemia, Ann. Surg. 118: 788-806, 1943. 

Beck, C. 8.: Development of New Blood Supply t o  Hea r t  b y  Operation, Ann. Surg. 
102: 801-813, 1035. 

Glenn, I?., and Beal, J. AT.: F a t e  of Ar te ry  Implanted in  Myocardium, S~XGERY 27: 
841-847. 1950. 



3. Jriller, W. D., and Vineberg, A. Af.:  *4 Study of the  Physiological Role of an S n a s -  
tomosis Uetm een the  Coioriary Circulation and t h e  L e f t  In te rna l  Mammary Ar tery  
Implai~tecl iu the  Ventricular Myocardium, Proc. Surg. 1’01 um, Clin. Congress 
Am. Coll. Surgeons, Philadelphia, 1950, W. B. Saunders C’ompany. 

6. hlcAllister, F. $’., Lcighniiiger, D., and Beck, C. S.: Xevascu1ari~:ttion of the  I Iea l t  
by Vein Graf t  From Aorta  to  Coronary Siiius, Ann. Surg. 133: 153-165, 1951. 

i. Bregg, D. E.: Coronary Circulation i n  Heal th  and Disease, Philadelphia, 1950, Lea & 
h’ebiger, p. 90. 

8. Wiggers, C. .J . :  Physiology i n  Heal th  and Disease, etl. 5, Philadelphia, 1949, Lea & 
F’ebiger, p. 593. 

!). Hallock. P.. aiid Benson. I. C.: S t u d i e  on  t h e  1‘;lastic Pionel t les  of Human Isolatrd 
Adrta,’J. Clin. Invekiga t ion  16: 595-602, 1937. 

Some Difficulties Involvetl in  the  
Piedict ion of the Stroke Volume F’ronl the  Pulse Wave Yelocity, Am. .T. I’llysiol. 

10. Remirigton, J .  W., Hamilton, W. F., and Ihw, P.: 

144: 536 545, 194.5. 
The Phasic  Changes i n  (”oronary Flow 

Established b y  Diffexential Pressure C‘urves, Am. J. Physiol. 112: 627-639, 1035. 
Changes in  the  Coronary Circu1:ttion I’ollowing In- 

creasetl Aortic Pressnrr ,  Augmented Cardiac Output, Ische~ni:t :nit1 Valve Imions ,  
Am. J .  Physiol. 130: 126-120, 3940. 

Registration and Interpretat ion of PTotriial Phasic 
Tnflow In to  a L e f t  Coronary Ai te ry  by :in Improved Differential Alanort~etric 
Method, Am. J. Physiol. 130: 114-125, 1940. 

An Impedance Gauging System for  hfensurement 
of Biologic Pressure Variables, AT-RGERY 26: 446-451, 1049. 

ly Recording Bubble Flowmeter Adapted f o r  Measuiement 
],ah. R. Clin. Med. 34: 146.150, 1949. 
A4rteriosclrrosic: nn(1 I fyocardial  Infarct ion as  Studied by 
. Path .  39: 268-273, 1945. 

1;. Srhlrsinper, x. .T., and  Zoll, P. AI.: Incidence and Localization of Coronary Artery 
Occlnsion, Arch. P a t h .  32: 1 i 8  188, 1941. 

18. Yater ,  W. R f . ,  l’rauni, A. I f . ,  Bron-n, W. G.,  li’itTgerald, R. P., Oeisler, M. A, and 
Wilcox, B. R.: Coronary Artery Disease in Afen 18 to  39 Years of Age. Report 
of 966, 450 With Nrcropsy Examinations, Am. H e a r t  J .  36: 683-722, 1948. 

11. (;reen, H. I)., Gregg, D. E., and  Wiggers, C. J.: 

12. Gieen, H. D., and Gregp, D. E.: 

13. Grrgg, D. E., and Green, H. D.: 

14. Schafrr, I?. TV., and  Shirer, H. TV.: 


