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PLATES ~ AND Ill. 

In the experiments recorded in this paper, the heart of the cat was 
kept beating by passing defibrinated cat's blood from the aorta through 
the coronary vessels into the right auricle and ventricle, whence it 
escaped through a cannula in the pulmonary artery. The blood thus 
transfused through the coronary vessels into the right heart flowed 
from the tube in the pulmonary artery in drops, as a rule. The 
volume of the transfused blood was measured by counting the drops. 
The volume could be increased or diminished at will by increasing or 
diminishing the pressure of the blood at the mouths of the coronary 
arteries. A ttiirthle membrane manometer, connected with the left 
ventricle by a tube passed through the left auricular appendix and 
mitral valve, measured the force and frequency of ventricu]ar con- 
traction, the left ventricle and the connecting tubes being filled with 
normal saline solution. The experiments were performed in a warm 
chamber at a sufficiently constant temperature. 

The results of the investigation show that the force of ventricular 
contraction is immediately affected by a change in the amount of 
blood supplied to the cardiac muscle, the ventricle beating with more 
force if the volume of the coronary circulation is increased, and with 
less force if it is diminished; and this holds true within wide, but, as 
yet, not accurately determined limits. The frequency of ventricular 
contraction, on the contrary, is largely independent of the blood 
supply to the cardiac muscle, and may remain almost unchanged 
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even while the force of contraction, in consequence of lessening the 

supply of blood, is much reduced. We noted also that the left ven- 
tricle of the isolated cat's heart, working with a constant load of a 

very few millimetres of mercury, will develop a high intracardiac 
pressure on a surprisingly small coronary circulation. 

Certain other facts of interest were incidentally observed. The dis- 

tension of the left auricle and ventricle lessened the coronary flow. 

The fibri]lary contractions occasionally present sometimes gave place 

to wholly normal beats, one heart, we especially remember, showing 

strong fibrillary contractions during forty-five minutes and then fall- 

ing into regular, normal contractions, which continued for more thai1 

an hour. The heart appears to add little , if any, fibrin to the Mood. 
Interesting also is the observation that a heart, from which the 

blood supply had been almost entirely cut off, began to group its con. 

tractions in a kind of "staircase" form. As the circulation through 

the cardiac muscle was restored, the individual groups in the intra- 

cardiac pressure curve grew longer and longer, until they gradually 

merged into an unbroken series of normal contractions. 

It  was remarked, further, that the amount of blood passing through 

the veins of Thebesius into the left heart was usually but a few drops 

per minute. 

All these various observations will be discussed after the methods 
employed by us have been more fully described. 

~THOD. 

The method employed in our researches required a warm chamber; 

a blood-supply apparatus; a drop counter, for recording the number 

• of drops flowing through the coronary vessels; and a membrane mano~ 
meter, for recording the intraventricular pressure. 

The warm chamber.--The warm chamber was made of " window 
sash," and was 200 cm. long, 80 cm. wide, and 150 em. high, ~ving 
a contents of 2.4 cubic metres. Access to the chamber was affo~rded 
by two tightly closing doors, hinged ~bove, which together formed 
the louver two-thirds of the front of the chamber. When the doors 
were raised, the entire length of the chamber was exposed, provid-  



G. B. :~[agrath and It. Kennedy 15 

ing abundant room for arranging apparatus and for cleaning. The 
chamber stood upon a table, the top of which was made almost en- 

tirely of sheet copper. This sheet formed the roof of a copper tank, 

150 cm. long, 60 cm. wide, and 15 cm. deep, partly filled with water. 
Thus the table was merely a support for the copper water-tank and 

the glass chamber over it. The water was put into the tank 

through an opening in the top, after which the opening was closed 
with a cork, perforated by a perpendicular glass tube, 15 ram. in 

diameter, which ran through the roof of the warm chamber and 

served to let out the steam when the water was heated. Thirty-two 

centimetres above the floor of the chamber this escape pipe was fur- 

nished with a short side branch, through which a part of the hot 

watery vapor passed into the warm chamber and kept the air moist. 

The tank was heated by four Bunsen burners placed beneath it. I t  
was our habit to light the Bunsen burners about an hour and a half 

before the animal was ready to be put in the chamber. At  the end 

of that time, the temperature of the chamber having risen to abou t  

37 ° C., the animal was placed as far as possible from the doors, one 
door was tightly closed, and the other was let down until it rested 

against the back of the observer in charge of the manometers, who 

stood with the upper half of his body inside the chamber. The tem- 

perature of the chamber remained sufficiently constant for our pur- 

poses, the large contents, namely, 2.4 cubic metres, and the large 

heating surface, 9000 square centimetres, keeping it so, in spite of 

the partial opening of one of the doors. The temperature was meas- 

ured by a thermometer, the bulb of which hung in the middle of the 
chamber about 20 cm. above the animal. Many control readings 
were taken from a thermometer placed in the thorax. In the course 

of 27 experiments the thermometer was read about 500 times. The 

fluctuations during the period of observation were rarely over 0.5 ° C., 

an amount too small to const'itute a serious source of error. In  fact, 
our position in respect of temperature errors was not a difficult one, 
for our time of observation was made up of three brie~, consecutive 
periods: the first, recording the force and frequency of venta4cular 
contraction with a known volume o~ coronary c~rculation i the second, 
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with that volume altered in one direction or the other; and the third, 
with the coronary circulation restored, as near as might be, to the 

volume of the first period. All these periods together lasted but three 
or four minutes, sometimes less, and the temperature c~)u]d vary but 
little during this short time. 

Blood-supply apparatus.--The blood was contained in a glass tube, 
14 cm. long, 3 cm. wide, of 50 cb. cm. conte~ts, drawn out slightly 

at one end, and closed at the other with a rubber stopper. The drawn 
out or lower end connected, through a light brass stopcock, with the 

aortic cannula. The rubber stopper, closing the upper end, was per- 

forated by two glass tubes. The first of these led through a stopcock 
to the filling reservo,ir, of the same dimensions as the blood reservoir 
but open at its upper end. The second of the tubes perforating the 

stopper of the blood reservoir was a short F-, the side branch of which 
opened, through a stopcock, to the atmosphere, while the direct tube 

led, through a stopcock, to the pressure bo.ttle. 

To fill the blood reservoir, all the stopcocks were closed and the 
defibrinated blood was poured into the filling reservoir. The stopcock 

leading to the atmosphere and then the stopcock leading to the filling 

reservoir were now opened and the blood filled the blood reservoir. 
The last-mentioned cocks w~re closed again, and those le~ding respec- 
tive.ly to the aortic cannula and the pressure bottle were opened. 

The contents o.f the blood reservoir and its communicating tubes, 
namely, the aortic cannula, the aorta and the main coronary arteries, 

stood now under a constant pressure nearly that of the pressure bottle. 
The pressure was made by joining the pressure bottle with a thick- 

walled rubber tube to a water bottle, suspended from the ceiling of 

the operating room. The water bottle could be raised or lowered 
and fixed at any height. I t  was so arranged that the level of the 
water within remained the same, whatever the height of the bottle. 
This constant level was maintained by an outilow tube in the shape 
of an 1 .  The branch of the outflow tube rose to a height of about 
15 cm. above the level of the floor of the bottle, and then turned to be 
continued downward into a sink. At the turn it was provided with an 
upright tube, open to the atmosphere, to prevent siphonage. The 
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direct limb of the outflow tube of the water bottle was connected with 
the pressure bottle in the warm chamber. The water flowed continu- 

ously into the water bottle through the neck, and, passing through 
the tubulure, rose in the upright branch and turned down into the 

sink. A small part, however, found its way down the pressure tube 

to the pressure bottle. The pressure bottle being very large--its 
capacity was 5000 cb. cm.--and the volume of the coronary circula- 

tion very small, it could be used several hours without requiring to 

be emptied. With this apparatus the pressure at the mouth of the 

coronary arteries could be kept sufficiently constant at any desired 

level, or rapidly and easily changed simply by raising or lowering the 

water bottle. The flow through the coronary arteries could thus be 
varied within wide limits. 

The pressure at the mouth of the coronary arteries was recorded by 

a mercury manometer connected with a cannula passed into the inno- 

minate artery at its origin from the aortic arch. In some experiments 

the manometer was furnished with a writing style. The curves thus 

secured (see Plate II ,  and Figs. 2 and 3, Plate I I I )  bear witness to 

the uniformity of pressure at various levels and the ease with which 

the pressure is modified. The mercury manometer is also useful in 

determining whether a failure in the coronary circulation is due to 
lack of pressure or to an obstruction in the blood-vessels. 

The drop eounter.--The drop counter consisted of a glass tube, 165 

ram. in length and of 4.5 ram. lumen, one end of which was tied in 
the pulmonary artery, just above the semilunar valves. The other 

end projected over the cat's left shoulder, and was usually somewhat 
lower than the heart, so that, when full, it acted as a weak siphon and 

favored the ~low of blood. The same tube was used in every experi- 

ment. The blood dropped out of this tube on a triangular piece of 
thin aluminium about 17 mm. long and 14 ram. wide at the base, 

placed about 4 cm. below the outlet of the tube. The aluminium, 
which was so bent that the blood could not collect upon it. but ran 
off into a porcelain dish beneath, was fastened to the lever of an ordi- 
nary Marey tambour. From this ran a rubber tube to a small and 
very sensitive recording tambour, covered with very thin rubber, and 

2 
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carrying a very light straw lever, which made a sufficiently large 
excursion for each drop that fell on the ahminium plate. 

In  a number of experiments the drop counter was not used, the 
drops being counted by an assistant, in periods of 15 or 30 seconds 

each. Another assistant marked the periods on the smoked paper by 

closing the circuit of a writing electro-magnet. An example of this 
marking is seen in Fig. 1, Plate I I I .  

I t  will be remembered that the experiments we are discussing con- 

sist in comparing the frequency and the force of contraction in two 
or three consecutive short periods, while the conditions under which 

the heart is working remain the same, except that the volume of the 

coronary circulation is made to vary by varying the pressure at the 

mouths of the coronary arteries. The volume of the coronary circu- 
lation is estimated by counting the drops from the outflow tube. A 

difference in the size of the drops would, therefore, constitute a source 

of error. We must, then, consider the possible causes of such a dif- 

ference. I t  might be thought that the size of the drops would vary 

with the quickness of flow, the more frequent drops being smaller 

than the less frequent ones. In this case we should expect that a 
given number of drops escaping from the outflow tube at a slow rate 

would differ in volume from an equal number escaping at a rapid rate. 
.But the volume does not differ. On the contrary, the slow and the 

rapid drops are of approximately equal volmne, as the following ex- 

periment shows. 

Experiment, February 13, 1896.--Giving the volume of 100 drops of 
blood discharged at a slow and at a rapid rate, the variation in rate being 
produced by varying the pressure of the blood at the mouths of the 
coronary arteries, the temperature remaining unchanged. 

C o r o n a r y  P r e s s u r e .  Coron~yy Flow. Vo lume  of C o r o n a r y  Flow.  

18mm. I~g. 100 drops. 8.25 cc. 
18 100 9.00 
18 I00 8.75 
60 I00 8.25 
62 100 8.00 
6~ 100 8.25 



G. ]3. ]¢[agrath and H. Kennedy 19 

I t  is seen at first glance that the volume of 100 drops is approxi- 
mately the same at a coronary pressure of 18 and of 62 ram. t tg,  in 
other words, with a slow and with a rapid flow. The difference in 

coronary pressure (44 ram. Hg) in this experiment is as great, lacking 

I ram., as in any experiment presented in this paper. I t  seems fair 

to conclude, then, that the difference in rate of flow, which in this 

experiment failed to influence the volume of an equal number of 

escaping drops, must, in the remaining experiments, likewise have 

failed to influence their volume. 

This same experiment disposes of another speculative objection, 

namely, the possibility that strong contractions of the right ventricle 
dislodge larger drops from the outflow tube than weak contractions. 

Were this criticism sound, we should have a greater volume per 100 
drops at a high coronary pressure than at a low pressure, for a rapid 

Coronary circulation in consequence of a high aortic pressure causes 

the ventricles to beat more forcibly. But the measurements of Feb- 
ruary 13 demonstrate that the size of the drops is approximately the 

same, in spite of the inevitable difference in force of contraction 

entailed by a difference in coronary flow corresponding to a rise from 

18 to 62 ram. Hg. 

The criticism we have just answered has lurking within it the idea 

that the number of drops is, in some way, related to the number Of 

heart beats. We have not found this to be the case. On the con- 
trary, we shall show, when we come to discuss fully the outcome of our 

researches, that great changes may be made in the number of drops of 

outflow, with little and sometimes no change in the frequency of 
contraction. 

Further information regarding the volume of the outflow drops is 
given by the record of t he  drop counter, which, as may be seen most 
clearly in Fig. 2, Plate III, records equal excursions for drop~ at slow 

and rapid rate of flow, and during strong and weak ventricular con- 
tractions.* Blood drops of unequal volume, being of unequal weight, 
would have caused unequal excursions of the drop-counting lever. 

* An apparent exception to this statement is seen in Fig. 3, Plate III, in 
which the excursions are not everywhere equal, but the inequality is here 
due to unequal friction of the delicate lever of the recording tambour on 
the smoked paper. If the degree of friction is carefully regulated, the 
uniformity seen in Fig. 2 will be secured, i. e., positive evidence of eqlmlity. 
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The membrane manometer.--The membrane manometer employed 

to record the pressure in the left ventricle was essentially that devised 
by ~iirthle. The chamber was covered with thin rubber membrane. 

The writing lever rose 17 mm. above the atmospheric pressure line, 

when the pressure within the chamber was raised from zero to 100 ram. 

Jig. The manometer was usually placed on or near the level of the 

heart, the difference between the two levels probably never exceeding 

4: cm. The tube connecting the manometer with the ventricle was 

about 15 cm. long and had 3 ram. lumen. I t  was passed through the 
left auricular appendix and mitral valve, the appendix being tied 
about it some distance from the circumflex branch of the left coro- 

nary artery. 

The isolation of the heart.--The cats are put in a box, etherized 
until motionless, placed on a Czermak holder, tracheotomized, and, 

still under ether, bled from the left carotid artery until respiration 

ceases. The sternum, with the contiguous cartilages, a~e now rapidly 

removed, thus exposing the heart and the great vessels, and the left 
subclavian and innominate arteries, the superior vena cava, the right 

azygos vein, the inferior vena cava, and the aorta, beyond the origin 

of the left subclavian artery, ligated in the order named. Cannulas 

are now placed in the innominate artery and the aorta, and the outflow 

tube tied into the pulmonary artery just above the semilunar valves. 

The innominate eannula should be provided with a stopcock. These 
various operations occupy but a few moments, and are usually finished 

before the heart has entirely ceased to beat. The dead cat is now 
put in the warm chamber, and the aortic cannula coupled to the blood 

reservoir, already filled with the. cat's blood, which, meantime, has 
been whipped, filtered through glass wool, and kept near its normal 

temperature in the warm chamber. The ft]ling of the aortic cannula 
is best accomplished by allowing the blood to flow through it into the 
aorta and out again by the innominate cannula. This device expels 

the small clots that sometimes form above the semilunar valves and 
drives out the air bubbles as well, a matter of much importance, for 

embolism by blood clots or air bubbles is apparently the most frequent 
and dangerous Of the causes which work against the survival of the 
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heart. As soon as the clots and air bubbles are out, the stopcock of 

the innominate cannula, and the stopcocks leading from the blood 

reservoir to the atmosphere and the filling reservoir, are closed, and the 

stopcock from the blood reservoir to the pressure bottle opened. The 

heart swells as its arteries are filled, and in a moment a dark venous 

stream is seen to flow out of the pulmonary artery, the heart, as a rule, 

beginning to beat in a vigorous and regular fashion. The innominate 

cannula may now be connected with the mercurial manometer. I t  is 

well to begin the experiment with a coronary pressure of not more 

than 50 ram. ]-Ig, for at first the blood runs more freely through the 

coronary vessels, often coming out for a short time too fast to be 

counted. In a few minutes the flow diminishes. The pressure may 

them be increased. 

The failure of the heart to beat, and even the presence of fibrillary 

contractions, should not discourage the operator, provided the circula- 

tion through the coronary vessels is fairly good. Strong fibrillary 

contractions may continue half an hour or more and still give place to 

good, coordinated beats. I f  the blood refuses to flow, even at a 

pressure of say 70 mm. Hg, a search should be made for blood clots 

at the mouths of the coronary arteries. Sometimes air emboli cause 

the failure. Usually in such a case the ramus descendens will be seen 

to be filled with air. Yet we have observed even such hearts begin 
to beat. 

The left side of the heart is sometimes considerably distended. This 

distension has always, so far as we remember, lessened the coronary 

flow, a fact to which we shall presently return. The distension of 

which we speak may, of course, be the result of leakage through an 

incompetent semilunar valve. In that case the mercury manometer 

usually falls slowly. I f  the tube leading from the left ventricle is 

now opened, blood will escape from it, while the mercury manometer 

goes speedily down to atmospheric pressure. Almost always, how- 

ever, the semilunar valves are intact. The mercury then remains 

stationary, when the tube from the left ventricle is opened, and the 
flow from the tube after the first moment is at the rate of a few drops 

per minute, which indicates that the distension of the left ventricle 
is the result of the gradual inflow from the veins of Thebesius. We 
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have invariably found that the quantity of blood thus escaping into 
the left side of the heart is too small to constitute a source of error in 
these experiments. We shall come back to this in the discussion of 
our observations. 

Oxygenation of blood.--The oxygenation of the blood is best per- 
formed by shaking it in a beaker in the warm chamber, lVe made 
many trials to determine whether it was not better oxygenated by a 
stream of pure oxygen gas, but the decision was in favor of shaking. 
Perfect oxygenation grows apparently more and more difficult as the 

experiment continues. 
The formation of fibrin in the blood gave very little trouble. After  

the contents of the cardiac vessels and the great arteries used in the 
method have been thoroughly washed out with defibrinated blood, and 
this is usually accomplished by the first 50 cc. transfused, filtration 

of the blood which has passed through the cardiac muscle is rarely 

necessary. 
Finally, before passing to the discussion of results, we may add that 

the flow through the coronary arteries usually diminishes when the 
experiment is prolonged over an hour. Some temporary acceleration 
may then be gained by raising the coronary pressure, but often the 

highest pressure that the semilunar valves will safely bear fails to 
restore the rapid flow which marked the earlier stages of the experi- 
ment. I t  is obvious that many causes may contribute to bring about 
the increased resistance to the passage of the blood. Alterations in 
the physical properties of the blood, the increasing difficulty of its 
proper oxygenation, physical changes in the tunics intima of the 
arteries owing to disturbed nutrition, and constriction of the vessels 
are some of these. That narrowing of the vessels does actually take 
place in organs submitted to artificial circulation was long ago obsetwed 
by Sadler (10), Genersich (3) and tIeger (5), and referred to local 
asphyctic constriction. But we cannot discuss this question here. 

DISCUSSIO~ OF RESULTS. 

A number of the facts which it is the object of this paper to point 
out are illustrated by Plate II ,  the graphic record of the following 

experiment. 
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EXPERI~IENT 9,  ~ A ~ C ~  20, 1896. 

The heart of a cat weighing 3012 grammes was kept alive by feeding 

it with defibrinated cat's blood, after the manner described u n d e r  

"Method," page 20. The curves reproduced in Plate I I  were taken 
shortly after the isolation of the heart. The temperature remained 

throughout the experiment at about 37 ° C., the variation being cer- 

tainly not more than 0.5 ° C. The heart weighed 15.5 grammes. 

The upper curve (curve 1) in Plate I n was drawn by a mercury mano- 

meter connected with the innominate artery at its origin; it gives the 
"coronary pressure," i. e., the pressure in the aorta at the mouth of 

the coronary artery; curve 2 gives the pressure in the left ventricle; 

curve 3 the time in seconds; and curve 4 shows the volume of the 
coronary circulation, each elevation in the curve recording the outflow 

of one drop from the tube in the pulmonary artery (100 drops-~ 8.3 

cc.); the horizontal line in this same curve 4 is the atmospheric pres- 

sure for the mercury manometer (curve 1). The numerical vahles of 
the curves are presented in Table I. 

TABLE I.  

Giving the Numerical Values of  the Curves in Plate I I .  

Time in Periods 
0£ 15 s e e s .  

1-15 sees. 
15-30 
30-45 
45-60 

60-75 
75-90 
90-105 

105-120 

120-135 
135-150 
150-165 
165-180 

180-195 
195-210 
210-225 
225-240 

240-255 

Coronary 
Pressure a t t h e  

c l o s e  of each 
15 s e e s .  

90 m m .  Hg .  
90 
64 
54 

52 
52 
52 
52 

52 
52 
60 
80 

88 
88 
88 
88 

88 

Coronary Flow 
dur ing  each 

15 s e e s ,  

14 d rops .  
12 
10 

6 

4 
5 

10 

14 
16 
16 
16 

16 

Maximum 
I n t r a v e n t r i c u l a r  

P r e s s u r e  a t  
t h e  c l o s e  o f  e a c h  

15 s e c s .  

53 m m .  H g .  
53 
47 
41 

36 
35 
32 
30 

28 
24 
21 
18 

22 
25 
32 
38 

5 
5 
4 .  
4 

52.5 

N u m b e r  
o f  C o n t r a c t i o n s  

d u r i n g  e a c h  
15 s e c s .  

28 
28 
28 
28 

28 
28 
28 
27 

28 
27 
27 
27 

27 
27 
27 
28 

28 
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Force and frequency of ventricular contraction.--Examining Plate 

I I  the reader will perhaps no,rice first the regularity of the curves; 
the steadiness with which the pressure in the aorta is maintained at 

the desired level; the ease with which it is lowered and then restored 

to its former plane; the absolute command of the volume of the coro- 

nary circulation; the way in which the number of drops flowing out 

of the pulmonary artery follows the rise and fall in coronary pressure; 

and the smooth, uniform action of the isolated, surviving heart--facts 
which create confidence in the method. Soon, however, the beautiful 

dip and rise of the intraventricular pressure curve will claim attention. 
The intraventricular pressure is seen to sink as the outflow from the 

pulmonary artery (curve 4) diminishes, and to rise again as the outflow 

recovers its former volume. The force of the ventricular contractioa 

wanes as the supply of blood to the ventricular muscle lessens, and 

increases again with the increase of the f(~od supply. Nor does the 

force of contraction follow tardily the changes in the food supply. 

The two go hand-in-hand. They are almost perfectly synchronous. 

A glance at the enrves of Plates I I  and I I I  shows that the rise and fall 
in the volume of the coronary circulation immediately alter the ~orce 

of contraction. 
The importance of this observation is, in our opinion, very consid- 

erable. I t  would seem a priori probable that an organ, charged with 

a task on the proper performance of which life itself depends, would 

have within itself a reserve of instantly available power that should 

make it independent of very te~npo.rary alterations in its food supply. 
This, however, is not the case. There is no such immediately avail- 

able reserve. The force of cardiac contraction is most closely de- 

pendent on the quantity of blood supplied to the cardiac muscle. 
This result is in entire accord with Porter's (9) observation of the 

lowering in force of contraction that follows the closure of a very large 

branch of the ]eft coronary artery in the dog. 
The frequency of contraction is little impaired by even great reduc- 

tions in the food supply. In the example before us (Plate I I )  the 
volume of the coronary circulation was reduced 71 per cent; the 
frequency of contraction fell but 4 per cent, while the force fell 67 
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per cent. On restoring the coronary pressure to about its former 

level, the volume of the coronary circulation increased 75 per cent, 
causing a rise of only 4 per cent in frequency, but of 67 per cent in 

force of contraction. 
An examination of the remaining experiments in which the intra- 

ventricular pressure was measured gives further weight to the view 
already presented. Table I I  (p. 26) contains the percentage variations 
in coronary pressure, coronary flow, intraventrieular pressure, and fre- 

quency of contraction for twelve experiments, conducted at a con- 

stant temperature of about 37 ° C., according to the method already 
described. On the left-hand side the consequences of diminishing the 

volume of the coronary circulation are shown; on the right side, the 

consequence s of restoring the volume to about its former level. The 
percentages are secured by dividing the fall or rise in coronary pres- 

sure, the number of drops per 30 sees., the intraventricular pressure, 

and the number of contractions per 30 secs. by respectively the coro- 
nary pressure, the number of drops, the intraventricular pressure, 

and the number of contractions observed before the coronary pressure 
was first changed. Thus, taking Experiment 9, page 23, as an ex- 

ample, the number of drops flowing from the coronary artery fell, 

when the coronary pressure was reduced, from 14 to 4 per 15 secs., a 
difference of 10, which is 71 per cent of 14, the rate of flow before 

lowering the pressure. The result of lowering the pressure was, there- 
fore, a fall of 71 per cent in the volume of the coronary circulation, 
and this iigure is accordingly set down in its proper place in Table II.  

On glancing at the averages at the bottom of each column I it 
appears that the average fall and rise in coronary pressure, or driving 

pressure of the coronary blood, is practically equal, and that the 

average changes produced in the coronary circulation by lowering 
and raising the coronary pressure 41 or 42 per cent are also equal. 

The average rise in intraventricular pressure and frequency of con- 
traction is a little less than the average fall. This discrepancy does 
not mean that the recovery of force and frequency after the restora- 
tion of the coronary circulation to its former value is imperfect. 

Recovery within the wide limits used by us has always been complete, 
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even in the occasional instances in which the heart-beat became 
irregular, as illustrated in Fig. 3, Plate III. The lower averages for 
the rise of intraventrieu]ar pressure and frequency of contraction are 
due simply to the fact that a curve long enough to show full recovery 
could not always be written within the length of a Baltzer drum, and 
the use of a larger kymograph in the warm chamber would have been 
very inconvenient. Thus it happened more than once that the clock- 
work had to be stopped a half-minute or so before the curves had 
attained their former level. We would not give the impression that 
the recovery is slower than the fall. Careful examination of all the 
curves sho.w that the heart responds quite as rapidly to a restoration 
as to a diminution of its blood supply. 

TABLE I I .  

Coraparison of 1)ereentafje Variation of Coronary JPressur G Coronary Flow, Tntraventricular 
P,'ess~re, and Freq~eency of Co~trgctio;e. 

1 
2 
3 
4 
5 
6 
8 
9 

10 
11 
12 
13 

Avera~ 'c  

Coronary 
Pressure. 

42 
45 
45 
45 
44 
30 
42 
44 
42 
44 
4,5 

FALL, RISE. 

c . . . . . . .  I Intr~- I Freqaene~ 
"~Y~" ~Y/ vent. I ot Con- 
.FLOW. !Pressure. / traction. 

--I I 
69 
75 
73 , 
85 
86 
75 
70 

77 : 
63 
68 
64 

73 

.5o~ 9~ 
58 
53 17 
57 10 
67 13 

i 59 7 
l l  . .  
67 4 
58 8 

4 5  14 
] 21  6 

38 12 

I 4!-) :~ 

Coronary Coronaryi Ivn:ra" 
Pressure. Flow !~ nt. 

I • i~ressure. 

47 80 50 
44 81 46 
45 88 62 
45 74 42 
30 73 38 
41 7'5 67 
43 77 52 
40 69 54 
43 50 21 

W~--I 73 47 

Frequency 

traction. 

9 
10 

5 

'i 
8 

14 

+~The rise  o f  E x p .  2 and  E x p .  13 has  been  o m i t t e d  b e c a u s e  the  s m o k e d  s u r f a c e  
e m p l o y e d  f o r  the  c u r v e s  of  t h e s e  e x p e r i m e n t s  w a s  u s e d  up b e f o r e  t i le  h e a r t  had  t i m e  
to  r e c o v e r  f r o m  the  l e s s e n i n K  in the  v o l u m e  o f  the  c o r o n a r y  c i r c u l a t i o n .  

The average reduction in intraventricu]ar pressure is almost 50 per 
cent, but in frequency of contraction only 9 per cent, certainly '~ 
striking difference. In one experiment, indeed, the force of contrac- 
tion fell 11 per cent and then rose 38 per cent, while the frequency 
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remained unchanged. This, however, must be regarded as excep- 
tional, for the record in this case was made toward the end of a long 
series of experiments, after the heart had lost much of its sensitive- 
ness to changes in its blood supply. 

Special attention should, we think, be drawn to the experiment just 
mentioned, in which, in a heart which had long been under the ex- 
perimenter's hands, a reduction of 70 per cent in the volume of the 
coronary circulation caused a fall of but 11 per cent in the force of 
contraction, and no fall whatever in the frequency of contraction. 
Those familiar with the literature concerning the closure of the coro- 
nary arteries in the dog will be interested in the bearing of this fact 
on Cohnheim and yon Sehulthess-Rechberg's observation, that ]iga- 
tion of the coronary arteries in the dog stops the heart more speedily 
and with greater certainty, when the operation is quickly done, than 
when a longer time elapses between the exposure of the heart and 
the interference with its blood supply. 

Refilling the blood reservoir with blood has a favorable influence 
on the force o~ contraction, probably not to be explained as a reaction 
from an hypothetical depression caused by the very brief and incon- 
siderable fall in coronary pressure which refilling the reservoir entails. 
Cyon (2) long ago pointed out a similar phenomenon in the surviving 
heart of the frog. In  a few moments after refilling, the heart reaches 

what may be termed an equilibrium, 'beating then with great uni- 
formity. Fig. 9, Plate I I I ,  shows at the extreme le~t the rising intra- 
ventricular pressure immediately following a fresh charge of blood. 
Fig. t of the same plate illustrates the uniform action soon attained. 

Di.~ten~ion of the heart.--Turning from the main objects of the 
investigation, namely, the relation between the volume of the coro- 
nary circulation and the force and frequency of ventricular contrac- 
tion, to the phenomena incidentally observed, we shall deal first with 
the effect of distension of the cavities of the heart on the flow of blood 

through its walls. I t  not infrequently happens in the first five minutes 
after the feeding of the isolated heart begins that the left auricle and 
ventricle become distended with blood. The first thought would 
naturally be that the aortic valves were not perfectly tlgh.t, thus allow- 
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ing some of the blood kept at a high pressure in the aorta to enter and 

distend the ventricle. But insufficiency of the cat's aortic valves to 

a pressure of not more than 100 ram. I tg  is rarely (ybserved, and can 

easily be excluded by the device already mentioned on page 21. 

A part, if not the whole, of the distending blood comes from the 

veins of Thebesius (13), as will be shown in the next paragraph. We 

wish first to point out that the distension of the cavities of the heart 

~vith blood always, so far as we remember, diminished the flow through 

the coronary vessels. The consequences of such distension are now 

making the subject of a special study, so that we shall no more than 

point out the probable importance of this observation to the pathology 

of the heart. I t  cannot be doubted that the pressure of the blood in 

the cardiac capillaries and veins is very low. As the distension of the 

heart witnessed in our experiments was sufficient to diminish the. coro- 

nary flow, it is probable that the distension observed during excessive 

muscular effort, and in many pathological conditions likewise, dimin- 

ishes the supply of blood to the heart muscle. The speedy eonse- 

quence of such a falling off in the coronary circulation is a lowering 

of the force of contraction, and this lowering must still further reduce 

the amount of blood flowing through the stretched heart walls. I t  is 

not unlikely that many of the heart "failures" ascribed to "paralysis 

of the heart by over-distension" are in reality failures due to ischeemia 

of the heart. But it would be unwise to speak too decidedly on this 

question pending the results of the experiments now making. 

Veins of Thebesius.---]t has already been said that a part of the 

blood some¢imes found in the left heart after the beginning of the arti- 

fieial coronary circulation comes out of the veins of Thebesius. The 

proof of this is that blood continues to flow into the ]eft heart after 

every source except these veins has been shut off. The quantity thus 

entering the left auricle and ventricle is, however, very small; far too 

small to affect the method employed in this paper. The amount can 
be readily observed by draining the left heart by a tube passed through 
the left auricular appendix. Such a tube was in the ventricle through- 

out the experiment of February 26, in which the isolated heart beat 
4 hours and 12 minutes. The flow was scarcely measureable. Dur ing  
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the experiment of February 28 not more than three drops per minute 
flowed from the cannula in the left ventricle, while the flow from the 

right side of the heart was from 40 to 145 drops per minute (3.3 cc. 
to 12 cc.), the pressure at the semilunar valves being made to vary 

from 36 to 68 ram. Hg. Similar observations were often made. I t  
was noticed Mso, during the recording of intraventricular pressure, 

that when the left heart filled, the base line of the membrane mano- 

meter curve gradually diverged from the atmospheric pressure line. 

A base line that remains parallel to the atm(Jspheric pressure line ex- 

cludes any significant addition to the contents of the left ventricle. 

I t  will be seen that the curves of Plates I I  and I I I  show this parallel- 
ism. I t  is hardly to be doubted that the flow into the left heart from 
the veins of Thebesius is somewhat greater during life than in the 

surviving heart, inasmuch as there is little doubt that the coronary 
circulation as a whole is larger during life. 

The smallness of the blood supply on which a good intraventricular 

pressure and a regular beat can be kept up is surprising, even when 
the small load of the left ventricle (a few ram. Hg) is taken into 

account. Reference to Fig. 1, Plate I I I ,  will show that admirable 
contractions were secured with 40 drops per minute (about 3.3 cc.). 

In the experiment of March 13 fair contractions were seen with a coro- 

nary circulation of only 22 drops per minute (less than 2 cc.). This 
heart had been isolated a long time when the observation was made. 

The ordinary volume during our experiments ranged, for vigorous 

contractions, from 3.5 cc. to 13 cc. per minute. 

Fibrin in the blood.--A noteworthy incident in the beautiful 
method of isolating the lungs and heart, devised by Ludwig and 
Stolnikow (11), and afterward employed by Pawlow (8) and others, 
is the freedom of the ci~ulating blood from fibrin. One would sup- 

pose that blood driven through the rubber and glass tubing of the new 
Ludwig Stroanuhr used by these observers would speedily clot, but it is 

found that the circulation through lungs, heart and Stromuhr goes on 
for severM hours. Either the heart makes no fibrin factors, or, if made 
by the heart, they are destroyed, probably in the lungs. Such at least 
are the ideas at present entertained regarding the failure of the blood 
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to clot. With the wholly isolated heart shut off, as it is, from even 
the lungs, valuable information can be added to the observation of 

Ludwig and Stolnikow. We have repeatedly noticed that after 50 to 
100 cc. of defibrinated blood had passed through the coronary vessels 
of the cat's heart, it was no longer necessary to filter the blood. The 

early filtrations were required because of the fibrin derived from the 
unwhipped contents of the cardiac vessels at the beginning of the 
experiments. Whether no fibrin factors are formed in the metabolism 

of the heart, or whether the amount so formed is too small to affect 

the circulation, cannot be stated without quantitative experiments, 

which, we are informed, ~d]l soon be published. 
The "staircase" beats sometimes observed when the coronary cir- 

culation is very much reduced are illustrated by Fig. 3, Plate I I I .  
I t  is noteworthy that when the blood supply is restored, the entire 

"staircase" is, so to speak, lifted, each of the contractions being 

more forcible than before, but the gioup as a whole preserving the 
staircase character. Interesting, too, is the strong compensatory con- 

traction following each dropped beat. 
Fibrillary contractio~s.--The recovery of the cat's heart from 

fibrillary contractions has already been mentioned on another page. 
We  return to the subject here in order to point out how irreconcil- 

able our observations are with the view that fibrillary contractions are 
occasioned by mechanical injury of the heart. We have seen normal 
contractions give place to fibrillary contractions in consequence of dis- 
turbances in the coronary circulation, although the heart had mean- 

whi]e not been touched. 
Our observations, finally, are also opposed to the idea that fibri]lary 

contractions are necessarily fatal in the dog. We have more than 
once witnessed marked and long-continued fibrillations in the cat'S 
heart yield to normal contractions, pro]onged for many minutes, and 
we cannot admit that the heart of the cat is so fundamentally different 
from the heart of the dog that a disturbance frequently recovered 
from in the former should be always irrecoverably fatal in the latter. 
l~one of the investigators who assert that fibrillary contractions are 
necessarily fatal in the dog has published experiments in which the 
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resuscitation of the dog's heart after fibrillary contractions has been 
attempted by the only rational plan, namely, the re-establishment of 
the coronary circulation (12). 

In  conclusion, we desire to express our thanks for the advice and 
unstinted aid of Dr. W. T. Porter, at whose suggestion this work was 
d o n e .  

~IISTOI~ICAL :NOTE. 

The maintenance of the contractions of the heart by means of the 
artificial circulation of defibrinated blood through the coronary arteries 
was first acc~)mplished by Martin and Applegarth (7) in their experi- 
ments on " The temperature limits of the vitality of the mammalian 
heart." The essential principle of their method has been adopted by 
all subsequent investigators, namely, Arnaud (1), H~don and Gills (4), 
Laugendorff (6), Porter and ourselves. I t  is described by ~[artin and 
Applegarth as follows: All the branches of the aorta, except the coro- 
nary arteries, axe ligated. The venue cav~e are also ligated. In  the 
aorta itself is placed a cannula, which is connected with a ~[ariott:e's 
flask, raised a sufficient height above the organ. The deflbrinated 
bl, ood from the flask fills the connecting tubes, the aorta and the coro- 
nary arteries at a constant pressure, which, of course, is quite independ- 
ent of the force and frequency of the heart beat. The blood taking the 
coronary circuit, on reaching the right auricle, proceeds to the cor- 
responding ventricle, and from it through the lungs to the left auricle. 
This blood is, therefore, the only blood entering the cavities of the 
heart or passing through the lungs, unless there be some inefficiency 
of the aortic semilunar valves. That the cavities of the heart are 
not distended with more blood is found not to influence the normal 
character of its beat, which continues rhythmically and forcibly for 
three or four hours. 

Arnaud, in 1891, apparently unaware that his observation had been 
anticipated by ~ar t in  and Applegarth, also revived the rabbit's heart 
by injecting defibrinated blood into the aorta. 

tt~don and Gills, the following year, performed the same experi- 
ment on a dog and on the heart of an executed man. They make no 
mention of previous experiments. 
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In a recent work on the isolated mammalian heart, Langendorff, 
after citing the experiments of Arnaud and of HSdon and Gills, 

remarks in an appendix that he has purposely omitted any reference 

to Martin's work, because the method of !Vfartin and his pupils has 

very little in common with his own. I t  is plain, however, that the 
distinguished physiologist of Rostock has seen only the earlier works 

of the Baltimore school. He nowhere mentions the investigations of 
Martin and Applegarth, and refers only to the previous researches of 

~[artin and his associates, in which blood was supplied to the heart 

through the right auricle.* 
The methods of Martin and Applegarth and of Langendorff are 

alike in the following fundamental points: (1) The heart muscle is 

fed by maintaining a constant pressure in the root of the aorta, and 
hence in the coronary arteries, the nutrition of the heart muscle being 

not directly dependent on the contractions of the heart. (2) The right 

ventricle receives no blood except the small quantity coming from 
the coronary veins. (3) The ]eft veaatricle works against a constant 
resistance. (4) The right ventricle in Langend~orff's hearts works 

against practically no re'stance. In the hearts of Martin and Apple- 

garth the resistance can be little mere, for the pulmonary circula~on 
is reduced to the blood passing through the coronary vessels, and our 
own observations show that this quantity is but  a few cubic centi- 

metres per minute. (5) In both procedures, probably, the inituemce 

of the central nervous system is exchlded, for we can hardly suppose 
that the brain and spinal card remain functional after the total arrest 

of the circulation. 
The method employed in the present investigation is also a modifi- 

cation of that used by ~[artin and Applegarth. 
The first account of the intracardiac pressure in the isolated heart 

and the effect of changes in the volume of the coronary circulation 
on the force and frequency of the ventricular contraction was pub- 
lished by Porter in The American Text-book of Physiology, Phila- 

delphia, :[896, p. 476, Fig. 125. 

* Martin and Applegarth's work is indexed by the Irides Medivus, but is 
omitted in the Centralblatt fiir Physiologie, the Jahresbericht fiber ~e Fortschritte 
tier Physiologie, and Tigerstedt's Lehrbuch der Physiologie des Kreislaufes. 
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DESCRIPTION OF PLATES II AND IlL 

Like curves have been given the same number in both plates and all 
figures. 

Curve 1 is everywhere the line drawn during the experiment by a mercury 
m a n o m e t e r  connec ted  wi th  the  root  of the  aorta.  I t  ind ica tes  the  blood 
p ressu re  a t  the  mou ths  of t he  coronary  ar ter ies .  

Curv0 2 is eve rywhere  the  i n t r aven t r i eu l a r  p ressu re  curve, d r a w n  by a 
Hf i r th le  m e m b r a n e  manomete r ,  connec ted  wi th  the  le f t  ventr ic le  t h r o u g h  the  
aur icu lar  appendix  aI~d mi t ra l  valve. 

Curve 3 is t ime  in seconds. 
Curve 4 is t he  quan t i t y  of blood pass ing  t h r o u g h  the  coronary  vessels in to  

the  r i g h t  side of t he  h e a r t  and  thence  out  t h r o u g h  a tube  placed in the  
pu lmona ry  ar tery .  In  Fig.  1, P la te  III ,  the  n u m b e r  of drops  is given per  30 
seconds,  t h e  n u m b e r  be ing  respect ively  20, 14, 5, 5 and 19 drops,  and  the  
per iods  of 30 seconds are  r eg i s t e red  by an e lec t ro-magnet ic  signal,  whi le  t he  
drops  are  counted  by an ass is tant .  I n  t he  r e m a i n i n g  f igures of bo th  p la tes  
~he n u m b e r  of drops  is r eg i s t e r ed  au tomat ica l ly  by  the  drop  coun te r  
descr ibed on page  17. Each  upward  s t roke  in the  curve records  one drop. 
One h u n d r e d  drops  equal  8.3 cc. ca t ' s  blood. In  Fig.  3, P la te  I l l ,  and  to a 
m u c h  less degree  in P la te  II, the  f r i c t ion  of the  w r i t i n g  po in t  of t he  
very sensi t ive record ing  t a m b o u r  of the  drop coun te r  was  too great ,  leading 
to i r regu la r i t i e s  in the  he igh t  of the  individual  s t rokes.  This  difficulty is 
overcome in Fig.  2, P la te  III .  

Curve 5 is the  a tmospher ic  p ressure  for  t he  m e r c u r y  m a n o m e t e r  (curve ]),  
d r a w n  immedia te ly  a~ter t he  exper iment .  
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