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A STUDY OF THE MOVEMENTS OF @KE‘KEART AND

PHEIEK RELATIONSHIP TO THE FILLING OF THE AURICLES+

The movements whioch various parts of the he rt undergo are
not easily observable in the intsot enimal, end for this reason
their significance has not been wholly underetood. Three cent-
uries »go Harvey (1) stazted that he almost belfieved that the
motion of the heart wae to be understood by God alone. However,
he descridbed it 28 becoming narrouor end longer ss 1% contrsots,
but other obaervora heve shown that a shortening really ococurs.

It 18 easily seen by direot obsanyation of the exposed heart
in 8 living animel, thet the systolio shortening of its longit-
udinal axis ococcurs not by a lifting of the npex, but by s down-
ward movement of the beme. This wes first observed by Leonardo d¢
~ vinoi (1452-1519), who stated thet ":f three needles be passed
‘through the chest wzll so that their points lie, one in the bese,
one about the middle of the ventriecles, and one in the apex of the
ventricles, esch ventriculsr systole is :ccompanied by = aownwagd4
movement of the neecle in the buse of the henrt, a slighter
downward movement of the middle needle, and precticslly no mdydf
ment at =11 of the needle which is thrust into the apex™(2). |

Hayoraft (23) in 189Z by the same method ahtwined the same
results on the heart of the ost snd rabbit. Wigrers (4) also

deseribos this dewnward movement of the baae of the hesrt during
pystole snd attributes the sharp f£211 during ventricular systole
of his intra-suriocular pressure curves to this csuse.

Lewls (b) desoribes the movement of a bullat lodged in the

hezrt of a man. From x-ray exzmination the puilet wss bellieved



%o 1le in the intervemtrioular septum. It was nearer the apex
than the base of the heart, and with esch systole it showed
slight downward movement when viewed laterally. ’

If the chest wzll of =an intaet frog is carefully observed,
a 8light pulsation can be seen st each heart beat, but this
8light movemsnt is by no mesns comparadble to the volume of
blood which flows from the heasrt at each dest., Since the tisesues
forming the :nterior chest wall in the frog sre thin and easily
movable, it seems thmt the tot:l volume of the heart muat be
rem:ining »lmost constant dyring ;ystole. or there would be a
more marked pulsation of the chest wall. ln order for the total
heart volume to remsin constant during systole, blood must be
filling the auricles completely during the same period that the
ventiriocle is emptying.

¥hen the heart is exposed, n movement of the orguzns surround-
1ng‘1t would be obaervable at each systole if thie were not the
case. Such 8 movement would be wasting the energy of tbé heari,
However,.obaerVatipn shows thut very little movement of tﬁe .
organs surrounding the heart réally ocours, beosuse the downe
ward mqvement of the suriculo-ventricular septum at each systols
allows the suricle to fill duri g thié period. The heart is thus
enzbled to expend its energy in moving blood, instesd of weating
someé of it in moving the surrounding orssas.
Prooedure: A direct study of the movementz of the hesrt of the
frog, turtle, and dog was mede. The movements were recorded by

means of levers of the type shown in Pig. 1.



Fig.l. Drawing of lever used to record movements of frog, turtle,
and dog heart. Magnific~tion is 2:1. - Pin pivot. B- weight
used for counterbslancing lever. C- hinge used to prevent
movements other thsn toward the head or tall from being recorded.
D- barb useu to hold wire in heart.

The levers were constructed of thin strips of b lsf'vood,
care being taken to prevent excessive weight. The pin type of
pivot was used to minimize friction, sand the levers were counter-
balanced by small weights. Attachment to the heart was made by

means of a hinged wire arrangement, which allowed only movementis

toward or awsy from the head to be recorded. % small metal bard
was soldered to the end of the wire so thst it could not slip
out of the hesrt muscle., The writing point on the lever was
thin strip of celluloid. Lecording was done on a kymograph drum

covered with cellophone smoked over a kerosene flame. The records



when fixe¢d by pessiag through a bath of thinned shalla% and
dried., were printed upon oiihor blueprint paper or photo-
¢raphic papoi. Slides for projection purposes were made by
putting seotions of the records between pisces of thin glass.
Viescher (6) desoribes s method of using cellophsne for
recording in whioh a compressed :ir sprey is used for black-
ening and fixing the Grums. However, I found it unnecessary
to~u§c this/method, as the uegusl method of blackening end
fi;igg was fouud to be entirely satisfactory for oellephaﬁo.;«“
| ;in order to make & ;tudy of ‘the movements of %the frog
heart, two levers were used simultanﬁokaly;-fhe~trog was first
pithed, :nd then the heart carefully exposed. The pericardium
was opened, and then one of the small metal barbs of one lever
was thrust into the base of the hesrt, while the other lever
’gan connected to the apex by the same method, The levers were
80 arranged thzt the upper writing poins would record cephslad
snd caudsd movements of the base, vwhile the lower writing
point recorded corresponding movements of the'a;ex. A dewnvafd
movement of either Writing point indicated a ceudad movement
of the corresponding pesrt of the heart. The levers were 80
oongtructcd thst the weiting points inscrided twice the
mcveéont actually made by the point on the heart, i record
of the movement of the base and apex of the frog's heart is
shown in ¥ig.2. It is seen that the movements of the bage
are much grester than those of the ayax.bxy observation it

was found that at each systole of the ventricle, the base

of fpe Yentricle moves toward the apex, while the apex

- itself remains practiocelly stationary.
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Fig.2. “ovements of base and apex of frog heart. Lever mag-
nification was 2:1. Time was recorded in 1" intervals,
Observation showed that the downward movement of the base
ocourred during systole.

Figs3 shows the same thing ss Fig. 2. except that a larger
movement of the base wus recorded because a larger frog was

used.
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Fig. 3. Movements of base =nd apex of frog heart. Lever mag-

nification was 2:1. rime was recorded in 1" intervals.
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A study of the movements of the turtle heart wsae made by
the same method, and it was found, ss shown in Fig.4, that the
base had a large caudad movement during gystole, while the apex
had only a slight movement cephalad. Cutting the frenulum caused
the whole heart to move upward slightly, but the apex moved
cephalad much more than the base, thus crusing the longitudinal
axis of the heart %o be shortened. Alsoc, cutting the fremulum
caused the movement of the base to be very much reduced, while

that of the apex was usually slightly inoreaseds
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Fig.4. fiovements of turtle hesrt. Lever megnificstion was 2:1.
Lower record shows effect of cutting frenulﬁm. The base and apex

both moved oephaiéd. liovements of the base were reduced grestly,

while those of the spex were hardly changed.
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CONSIDEKATION OF FUNCTIOR OF FRENULUMe

In the previous studies on the frog heart it vas found that
outting the frenulum has very little effect, but this is to
be expected since it is not as highly Geveloped in the frog as
in the turtle heart. In the frog heart the frenmulum consiste
merely of seversl delicste strands of connective tissue connect
ing the posterior 6urface of the ventricle to the pericardium,
while in the turtle hesrt the frenulum attaches the tip of the
ventricle to oconnective tissue, which enshesths the liver and
which also heas attachment<to the =nterior body wall., The funot-
S?n of the frenmulum seems %o be to ";nchor“ the apex, for each
s}ptole of the heurt ozuses a pull upon it which is transmitted
to the body wall. This fix:tion of *the apex allows the ventric-
ular musoulature to pull the dase downward at esch systole, for
cutting the fremulum recuces the caudsd movement of the base
markedly. The heart is thus an&bled to expend its cnergy in
moving blood, instead of wasting part of 4% in moving the surrouund-
ing organs.

In the mammalian heart the fremulum is abdbsent, but ite
- function is accomplished dy other mesns. The mediastinum offers
considerable support to the hesrs, and the pressure exerted
upon it by the 1ungs'alao alds in maint&ihing its position.
Hhokennié (7) hae shown that the apex of the heart is closely
asdherent to the diaphragm, and thst it is held practioslly
stationary because of the inertia of the heavy abdominal organs.
He hua shown that there is a slight upward movement of the liver

during ventriocular systole, but the weight of that organ mekes

the movement very slight.
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In studying the movement of the dog's heart, the same method
was used, but stronger levers were employed. The chest was open=
ed in the mid-line, and artificial respiration given. The peri-
cardium ;as opened, and one of the levers was connected to the
base by the usual arrangement, while the other vwes connected to
the apex. 4 pulse traocing was also recorded by plscing a glycerin
capsule overthe femorsl artery, and connecting to a Becker |
tambour. The record shown in Fig.5 indicates that there is
about a 1l}ic.m. movement of the base caudally during systole,

while the movement of the apex is very slight.
FEMORAL PULGY G . : ,
»~.‘4/ N TR |

Systele

l
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Fig.5. sovements of dog hesrt. Upper tracing is femorsl pulse,
the second shows movements of base of heart, the third shows
movemants of apex, while the lower tracing indicates time in
Seconds. Perpendicular lines show duration of systole on esch

tracing. Magnification of levers vas 81,
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Allowanoe must be made in this experiment for the faot thet
the chest wéu open, znd thus the heart was more free to move
than in the intact animal. The slight upwird movement of the
base toward the end of systole indicates a movement of the whole
heart. This is due to the fact that the previously distended
aorta diminishes in sisme and thus pulls the heart upward.
During diastole the auricular size diminishes, as the auriculo=~

ventricular septum moves upward.
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FLUOROSCOPIC STUDY OF TRE MOVEMERTS OF THE HEAR?.

The studies by mechanical mesms of the movements of the heart
of the frog, turtle, and the dog showed that there is & ralatiﬁé&}»
large movement caudally of the base of the heart during syetole,
wiile the movements of the apex are only slight, verying in the
frog and turtle according to the aovelopuont of the frenulum.
Howsever, in all these ozses the hcait was exposed, and thorot?aO.
in order that conditioas might be s normel as possible, the
flnnroaaopié method suggoested itself for further study of the
movement s« o

The x-ray silhouette gives us an,pxeellent pioture of the
movements of the outline of the heart as a whole, dut dces not
differentiate between the muricle and ventriole, Therefore, in
order to study fluoroscopiocally the movements of the bdase, amglﬁ
piéoon of metal were placed in various parts of the A~V groove,
and also in the apex. Barbe were ocut from medium siszed rish hooks,
and the shaft part of each was ground to fit the end of a four
inoch, eighteen gsuge needle. These were then pushed through the
chest wall of s dog uuder ether snaesthesis, while observing the
heart fluoroscopically. The barbs were thrust into the hesrt
- wall, and then dislodged from the needle by a stylet. When the
needle was withdrawn, they remained in the heart, becsuse their -
shape waﬁid not allow them to move dbackward., The movement of
the barbs was observed fluoroscopically aﬁd charted, and‘finally;
thelr exsot position within the heart wae determined at autopey.
By this method it was found that during systole the base of the
heart of & meiium-=ized dog moved casudally about lo.m., while

Ahe ape: haa only & very slight movemsnt..
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An operative method was then underteken in plsoing metallie
objests in the heart of dogs, so that their position could dbe
known without first Xilling the animal. In this method the &ogse
were given } grain morphine sulphets hypodermically, and then
the. entire ohest wall was oarefully shaved and washed. Ether
ansesthesis was givenygnd the chest was opened in the midline,
‘tha operation being done under aseptic technicue. Artifiolsl
itlgirationuna given through a metsl mask, which fitted the .
kkog‘! hesd air-tight. The objects placed in the heart were §o.m. j
»ﬁxiéea of #16 silver wire, which were first plsced ineide a -
iarge bore needle., The needle was then thrust obliquely into
the heart wall, and the silver wire dislodged by 2 stylet, A
series.of the objeots were placed slong the basaxof the heurt
and several were place: in the apex. Three dogs snrvivad the
opersutioh, snd fluoroecopioc end radiographie examin:tion was
maao of eaoh, Kesults of the fluoroscopic exeminations are
nhoun 1n ?15.6. ¥ig.? is sn x~-yuy picture which shows the
poaition and movement ot the objests within the heart of one
of the dogs. The results of the Fluoroscopio sud x-ray studies
ah@ﬁ’ihat 13 the intsot dog the movements are in accord with |
the nn@;ngs by direct umm, thet is, the base of the vent-
ricle moves oaudally adout bho centimeter at e2ch systole, end
, th@é csuses the ventrioular wslls to thiocken, for the apex is
slmost etationary, However, systols also ceuses = movement of
the’antcrior and posterior wells of the ventricle towsrd esch
other. The net result of these movements enlarges the suriculsy

-0avity, and reduces the ventrmulaﬁqav?’?;’;’ to a minimnm; thus

moet effgoiently expelling their blood from them.



Dog iy ].0 }.ight
Letercel view of
heart as shown

by fluoroscopie
examination.

Yvolid lines show
dinstolic position.
Dotted lines show
yetolie position.

Dog.§2. Right lateral
view of heart as
ghown by fluoroscopie
examination. Holid
lines show diastolie
pogsition.votted lines
show systolic posite
ion.

Dog. fé. Hight latersl
view of heart as

shown by fluoroscopic
examination. Solid
lines show diastolie
pesition. Dotted lines
show systolie position.

}lﬁ‘b'Drumings showing results of fluoroscopic studies of

hesrt movements.
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Fig,7. Radiograph of right laterul view of heart of dog #3
showlng systolio and diastolic positions of silver wires.
fhe heart rate was 60 per minute. X-ray exposure was 4
seccnds. Much greaster movement is shown by the wires in
base of heart, Large wire loops are silver wires inaserted
to holéd sternum togsther during recovery. i{l- wire in base
of heart, diastolic position., #l'- same wivre, systolic
position. ;Z- silver wire in posterior part of base of.
ventricle, diastolic position. #2'- same wire, systoliec
position. #3~ silver wire in posterior pert of heart,
diastolic position. jd'-same wire, systolic position.

#4 silver wire in posterior part of apex, diastolic p
ition, §4'~- same wire, systolic position. #6- wire in tip
of apex, diastolic position., #6', same, systolioc position.

08
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Géh?lbﬁﬁﬁ&!&ﬁ OF THE $IGHI?IGA§GE OF PLUOROCOPIC FIKDINCS+

Several attempts (8, 9) have been made to determine the stiroke
volume of the heart by ocaloulations whioch have as their basis
the 1rrorenco in area of the systolic and diaatolio shadows as
| shown by x«ray plotures. In this method x-ray photograsphs of
about 1/40 second exposure sre made during the R wave of the
slectrocardiogram and at the end of the T wave, The area of the
shadowdk is measured with a planimeter, ana the volume compited
by mesns of Berdeen's formula (Vs ,BBA ﬁ ). Hodges (9) has
attempted to improve the method by using & photo-electric ocell to
olose the ocircuit in making the x-r&y“axpoeurca. whioch in hie
method are 1/400th second in auration,

Meek and Eyster (8) found by their x-rsy method that during
exercise the diastolic and systolic size of the heart may inorease
or dearease, but thst usvally the etroke volume is inoreased.

They found however, that in some cases there was an increased out-
put per beat although the diastolic size was decreased. They
attributed this to changes in tonus of the heart musculature.
Meekx:(10) in 1924 found thot s normmal resting dog's heart throws
about as large & disstollic shadow when bdeating at a rate of 110 ss
it does ct 60, and at the same time at the rapid rate puts out muo§
less blood per beat (11) However, he found that as the rate in-
oreases beyond an eversge of 110, the diastolic size undergoes &
rapid decrease, but if the venous pressure is maintained by per-'
fusion the rate may be inoreased as high as 200 per minute without
any decrease in the diastolic size. In thie work Heek used the

- .8ame rethod as before except that he used Skavlem's formula (12Z)
which is a modifiostion of the Bardeen formula for use on dogs, to

c&lg:lata the heart volume from the area of the disatolic heart
shadow,.
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The x-ray method for determining the cardiso output es used

. by Meek and Eyster, and Hodges is incorreot, because théy were
dctar;ining the changes in area of the heart shadow as a whole,
and not thet of the ventricles. The suriole can not be aikting~

' uighed from the ventrizle by x-ray exeminstion. Also, the base
of the ventricle hes a greater movement caudally during systole
than the up}er border of the =uricles, and this indicates that
the total volume of the heart does not ohange as much during a
hm&rt cyole as its stroke volume would indioate. Therefore, dur-

- ing ventriculsr systole the suricles must be f£illing or the total
volume of the heart would ohange spgrpeiably. tThis filling of ths
‘suricles is socomplished by the downward mnvennﬁt 0f the asuriculo-
ventrioulay septum, which during ventrioular systole enlarges
‘the savity of the suriocles, and thue sllows 2 flow of bdlood into
them from the great veins.

This view gives us én explenstion as %o how 8 slow heart may
pump the same amount of blood per Minute as a fust one, and yet
give the same siee ghadow on x-ray examinstion. The slow heart
wiih the large stroke volume probably has large vontricles und
small aurloles; and the rapid hesrt prodsbly hes more bleood in the
aurioloé.vﬁut»%ha_ventriola.takes a smaller proportion of the
aurioular.ﬁluod at‘oaah beat. ‘

Meek 2nd Eyster (8) have found that the disstolic hesrt shad-
oW remains adbout the same during exercise, dbut Henderson and
Hoggard (13) and most other asuthorities have found th:t the
stroke volume is inoreased. Thig probvlem can de oxpl%ined,it we
assume that the rapid filling of the suricle during ventricular

systole ensbles the heart to pumP moTre blood at eaoch beat without



1ner0as§£g ites disstolic size., This explanation asseumes that
the hfehfélvenona pressure during exercise fills the aurioles
woro‘éomplg&ely during ventricular asystole, and they in turn
are able to fill more completely the ventrioles.

The finding that the bese of the ventricle makes such a marked
caudad movement during systole )d me to make A study of the volume
ohanges ocourring in the heart as & whole, and the suricle and /
ventricle separately, to determine if there 1s any relationship

between the movements and volume changes of the heart.

‘o
)
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A STUDY OF VvOLUME CHABGES IN THE HEART
WITH PARTICULAR REFERENCE T0 THE FILLING OF TﬁE AURICLE¢

Current physiology texts state that the suriole merely acts
8 & reservoir to receive the blood from the great veins, during
the period when the &-vAvalvcl are closed (14). Most texts state
that the flow of blood into the chest occurs throughout the hesrt
oyole, except during suricular gystole, Hamilton (15) has obtaiﬁcd
evidence from the cardiopneumogram that the flow of blqod“into
the thoracio cavity during ventricular aystole is very nearly
egual to the outflow. He aleo obtained ovidonoo from the abdéminal .
plethysmogram th.t during vemtricular systole the sbdominal size
diminishes in spite of the arterisl expansion, thus indicating
*h=ot the blood in the abdominsl yaina’tlowa toward the heart
during.aystole. Kolslbhher (16) has recorded oarciopnaumogrgma
by means of hot wire anenometers, and has'touhd gross volume
- changes of as much a8 bc.o0. in the thoracio cavliy during vent-
rioular systole, nowever, his ppt changes during systole aﬁonnt
only to about & o.c;,‘and thus agree roughly with Hamilton'se
findings.

Henderson (17) and numerous other investigatois have studied
volume changes of the ventricle by meane of a cardiometer and
have obtained much evidenoe concerning the filling of the ventricle
under variéus conditions. Henderson's view is that the ventriole
fills during diasteole by a flow of blood trém the veins.

Stefsni (18) recorded changes of volume of the whole heart
uaing the periocardium as a cardiometer by simply inserting a
cannula into it and connecting with a tambour, using eir trans-

mission. Stefani's volume curves of the whole heart adiffer from

the ventricular volume curves of Henderson snd others in having
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several waves for each heart cycle. The usual type of curve
obtained by Stefani consisted of a sharp downstroke during vent-
ricular systole, and then sn upstroke which was in two phases.
Stefoni interpreted the downstroke as being due to ventricular
systole, and the first phase of the upstroke as being due to
diastole. noﬁ?ver. he did not publish s simulteneous pulse tracing,
and therefore, it is not certain that the first phase of ihe

Curves -

upstroke really occured during diastole. ilso, from hie
it 1s apparent that he did not allow a sufficient time for vent-
ricular systole, for the primary phase of the upstroke really
appears to be within the period of sya%ole rather than diastole.
Viggers (19) has obtained numerous records of intra-suricular
pressure, and according to his results, there is & sharp fall in

1ntr§-auricular pressure during ventricular systole. ¥ig. 8 gives

8 typieal intra-suricular pressure curve as recorded by Wiggers.

' Fig. 8. Record of right intra-auricular pressure as recorded by

Wiggers. (Page &2, Pressure Pulses In the Cardiovascular system)
A«B~C, suricular wave; C-D-E, early systolic wave; &, end of
ventricular systole; U, onset of right ventricular inflow.

R Burton-Opitz (20) by measuring the flow of blood through the
external Jugular vein has found that tﬁe flow is ten times as
greut during the period B %o E on Fig.8 as it is 't any other

part of the cardiac cyole.
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PROCEDURE 4 study of the volume changes was made on the frog,
turtle and dog heart., The uppérntua gshown in Fig.9 was used to
record the volume changes of the frog and turtle hearts. ‘The
tambours consisted of hemi-spherical shaped sces of thin rubber,
upon which a very light lever of balsa wood rested. The lever was
partially counterbalanced and was supported by a pin pivot to
incresase the sensitivity. A water manometer was connected to each
of the tembouyrs, and the tube A connected the two. Air transmission
was used in the system, & large syringe being used to inflate

the system to the proper level, while a 1 6.c¢. tuberculin syringe

was used for cslibrating.Suitable magnification could be ohtained

by regulating the distance from the fulcrum at which

touched the rubber capsule.

Fig. 9. Appdrutus used for measuring volume changes in the frog
and turtle heart. A, tube conuecting the two systems. B & B',20c.c
syringes. C & C', lc.c¢. tuberculin sysinges used for calibrating.
D& D', water meanometers. E & E', thia rubber t~uﬁours. F&PF',
glass cup cardiometers, G & G', small weights used to partially

counterbalance levers. H & H', Balsa wood levers,
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For the study of tho frog's herrt large male frogs weighing
from 1 to 1§ kilos were used. The frogs were first pithed, and
then the heart was exposed, care being taken to avoid hemorrhsge.
A large bore glases cannule wae then inserted into the pericardium
and connected to one of the recorders. Enough air was injected
into the system to distend moderately the pericardial cavity, but
not to raise the pressure over Zm.m. of water. A record of the
volume chaunges as shovn in Fig.1l0 was obtained. Calibration was
- made by inje ting .1 2.c¢. portions oriytr into the system and
then withdrswing them.
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?13.5. Volume changes in pericardial cavity of frog. Calibr:tion
in terms o? «1 c.e. eir injections end withdrawsls, Time ie record-

ed in one second intervnrls,

Next, a small glass cup wes placed 6vor the entire heart, care
being taken that it exerted but very little presgure. The cup wss
then connected to the volume recorder, and as shown in Fir.ll the

rra-ras obtained ¥O¥® very similar to those cbtaineda WSing the
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pericardium ss a cardiometer. 511ght1y larger volume changes
were recorded, due to the rronuxnn pulling tisauo into the
cardiometer at each systole. Hovevor, in spite of this the
volume chsnges amounted to only about .1 c.c. vhiix the
average figure obtained using the pericardium as a Snrdionotor

'a‘ ~04-‘0°.
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Fig. 11, ‘volume changes recorded in cardiometer placed over
whole heart of frog. Calibration in .1 c.c.

Simultaneous volume changes of the suricle and ventricle
of the frog's heart were then.rcoorded. Two small gluss ocups
each of which had one edge flattened were used. One of the
cups was lightly placed over the suricle and connected to one
recorder, while the other was plaood~bvor the ventricle and
connected to the other recorder. The flattened edges of the
cups were contiguous, any lay in the atrio-vontriqular groove.
By this means a slmultaneous record of the volume changes of
the auricle snd the ventricle was obtéined. *As shown in Pig.
12, as the volume of the ventricle decreases, the volume of

the suricle and sinus venosus increases. A very good demon-.

stration of this was made by opening the tube A connecting



the recorders. Immediately the movement of each of the levers
was almost stopped, showing that the volume change in the
ventricular recorder was neutrslizing that of the suricular
recorder. When the connecting tube we's closed, each of the
recorders immediately inscrited its previous record. Also,

it is seen by a comparison of the .volure changes shown by

either the auricular or the ventriculer recorder in Fig. 12 with

the totel heart volume changes as shown in Fig. 10 and Fig. 11,
that the volume change of the heart 2s a whole is very small

a8 compared with the auricular or:ihe ventricular volume

change. .
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Fig. 1Z. Simultuneous volume surves of the auricle and

ventricle of the frog heart. At A the tube connecting the

recording systems wae opened. Calibration was made by «lc.0.
air injections. it B the tube was closed again. Lower record

is continuation of upper in which usual calibration was nado;u
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Also, 1t must be remembdered that the volume change of the
auricle or ventricle slone as determined by this method is
less 1hﬁn that oocurring in the intaot animal, for the slight
pressure of the glass oup hinders the flow of blood. Horeover,
the auricle fills:more in the intact animal during systole or
the ventricle, becuuse the prcnsure of the oardiometer in theno
expsriments outs down the flow of blood toward the heart more
than that away from it, because of the thinness of the walle
of the veins as compsred with the arteries. |

When the cardiometer is placed ‘over the whole heart very
little pressure need de aﬁpliéa to maka;thc system air tight,
and therefore there is only a very slight impediment to the
blood flow. This ie shown by the fact that the volume changes
determined by uq;ng the pericardium as & oardiometer cgree

closely with those obtained using the glass ocup cerdiometer.
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VOLUME CHANGES IN THE TURTLE HEART+
The ssme appar tus was used to record volume chenges of
the turtle heart. Large sized turtles were used for these
experiments. Firset, the brain was destroyed by crushing,
and then the plastron was removed earefully, so as to avoid
hemorrhage. A large bore glass csnnuls was then inserted
into the pericardium snd tied. Volume chonges were resorded

a8 shown in Fig. 13. Calibration was made in the ususl msnner.

1
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Fig. 18. Volume changes in pericardisl sac of turtle., Culibration

in .1 c.e. Time was recorded in 1" intervals.
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Fig. 14. Volume changes of whole heart of turtle using glass
cardiometer. Calibration in .l c.c.

The pericardium was then opened, and a small glass cup was
placed lightly'over the whole heart :nd comnected to one of

the volume recorders. 4 recokd of the volume ch:=nges £3 shown

in Fig. 14 was obtained, A slightly larger volume change was
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recorded by this method becsause ﬁt eéach systole the frenulum
pulled tissue into the cardiometer. Howovor.lin spite of this
the volume changes obtained using the pericardium as & cerde
lometer agreed roughly with those obtalned using the glass
cup cardiometer.

Finelly, & record of the volume caanges of the ventricle
alone was recorded by plaeing.tho glase cardiometer lightly
over the ventricle an¢ connecting to one of the recorders.

' It wae necessary to cut seversl indentations in the edpe of
the glees cup 20 $hat it would not cut off the flow of blood
in the arteries ana veins. Fig. 18 1s s record of the volume

changes of the ventriele alone.

|
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Figs 15. Volume change of the ventricle of the turtle heart.

Calibration is in .1 c.c.
I was not nble to obtain simultaneous volume change records
of the suricle and the ventricle becsuse of the greater complex-

ity of the turtle heart. However, by comparing the ventricular
volume changes with the total q’art volume changes, it is easily
seen that the suricle must be filling completely &8s the ventricle
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*mpties for the volume oh:inge of the whole heart to remain 8o
.
*1ow (.2 c.0.) while the ventricular volume chenge 18 80

great (.7 GeCu)

»
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VOLUME CHANGE? OF THE DOG HEART. _
The dogs were snsesthetized either with ether or by.givin:‘@g

them %200 m.g. of sodium barbital per kilo intravenously. The &
chest was opened in the midline, oare being taken to avoid
heﬁarrhaso{ Artifieoisl respiration was glven by mechaniesl
means through a tracheal cannula. 2 glass cannula was insert-
ed into the externsl Juguler vein, and hed a T tube eo arrang~
ed that the venous pressure could be determinec by the rise of
bluod within it. Connection was made to & perfusion bottls
filled with warm isotonic saline so that the venous pressure
could be r:uised by perfusion. k

A osnnuls was inserted into the periocardium, snd connected
to a large tambour, which had a loose thin ruﬁbar membrane,
The oannule used consisted of s threaded brass tude which had
a large brees washer soldered to one end, snd also another
washey and nut on it. The ocontiguous raéea of the washers
were covered with rubber. A water manometer was connected
into the system, so that large pressure changes ir the record-
ing system could be déteattd aha avoided. Two Ly PAMERS WOTre
slso connected in tie recording system, a large (&0 s.c.) one
to rogulate the system to the proper ierI for recording by
1nject;bn of air, snd a small (20 0.0, ) one for calibration
of the volume changes,

A olit was made in the pericardium, snd then the end of
the brass cénnula ﬁas buttoned through it. The loose washer
was then slid down and tightened. By this mesms it was possible
to have an sirtight coumanication with the pericardisl ocavity,

dlthont smuch danger of the movéments»af’tho heart pulling the

oanmula out or tearing the perioardium’



A series of records of volume changee within the peri-
cardiel csvity under various degrees of venous pressure
end also under vaegus shtimulstion were made. A simultaneous
pulse record was taken with a glycerin cepsule over the
femoral artery and recorded by means of a Becker tambour,
Figures 16, 17, 18, 19 & 20 show a series of volume curves
in which the wave due tc the filling of the suricles occurs
at various places in the heart cycle. This wave is desiguated
V on the records. In sll cases some filling of the heart
occurred before the end of ventricuiar systole. (are was
taken to keep the uair pressure iu the recording system below
l coms of -a£or pressure, this amount being necessary to

distend the pericardium sufficiently for accurate recording.
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Fige 16. volume change in pericerdial csvity of dog. Heart
rate is 120. 1. volume curve. ., Femoral pulse trasoing.

oo Tive in 1" intervels. S- beginning of systole,

D- beginning of diastole. V- wave due to filling of suricles
during latter part of ventricular systole.
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Fig. 17, Volume changés in pericardial osvity of dog. Heart
rate is 80. 1. Volume curve; 2~ﬂvonora1 pulse; 3- Time in
1" intervales. S- beginning of systole; D- beginning of

diastole; V- wave on volume gurve due to filling of auricles

during latter part of ventricular systole.
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Fig. 18. volume changes in pericardiel cavity of dog. Pulse

rete is 80. 1- Volume curve. &£- Femoral pulse tracing.

2, Time in 1" intervals., S~ beginning of systole. D- beginning

of diastole. V- wave due to filling of auricles.
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Fig. 19. Volumne changee in pcrioaidhl cavity of dog. Pulse
rate is 120. V wave occurs later than in Fig. 18. ;

Fige 20, volume change in pericardial cavity of dog. Pulse

rate is 120. In this tracing the V wave is very much later.
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Later, 1n.erdor to determine the delay in trensmission
o0g the pulse wave, & osrdiometer was placed over the ventrisles
-alone, and & volume ocurve of the ventriocles was taken simultan-
eously with the femoral pulse traoing. By this means 1t was
found that the transmission time was negligible, améunting
t0 less than one-twentieth of a second.

It must be considered tha§ chults obtained using the
" pericardium as & cardiometer only indicste the tendensy of
‘the suricles to fill furing ventriculay systole. When the
chest is open, as is necessary in plethysmographio studies,
~ the foroes and anatdmioai relationships which produce systolie
£illing of the auricles are partially removed, and the negstive
ingra-thoracic pressure which normelly side in filling of the
heart 1s lost,

Studies of the volume changes of the hesrt using the peri-
cardium &8 & oardiometer msy easily give misleading results.
Rovements of the lungs often oaﬁxo them to press sgainst the
pericardium and thun‘glvo_mtslea&ing tainiiﬁqhangcﬂ- Also,
sometimes the hesrt moves'againat the mouth of the cannula
and oloses it. This causes a recording of only part of the
voluma;changos, a plateau being shown on the record while thé‘
cammula is closed. In most cases the respirstory motqmenta
Oan.be stopped by producing apnea through overventilstion, and
if this fails ourare may be used to stop all movpmant of skel-
etal mnéolo. Records which show artéfacts due to intermittent
9losing of the cennula 0an be disregorded.

Venous pressure plays en inportant rele in filling of the
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auricles, for unless it is normal, very little filling
osours during ventriculer systole. The downward movement of
the ventrioular base ¢mn f1ll the suricles only 1if there is
suffioient blood availladle in the great‘jgins.

Stefani (18) divided his ocardisc pi;thyamograms into:

{a) 4 rapidly descending line whioch coincides with the period |
of systolio ovaaustion; (b) A rapidly ascending line which hogﬁ é
interpreted as corresponding with the period 6! sctive diastﬁl@%?é
{e) A slowly asoending line which ocorresponds to the periocd of ‘
passive diasstole and presystole., However, his first and aéoond
pericds inolude about one-third of the hesrt oycle, &nd thus
thiraoeona period is brabahly 8t1ill during systole. -fhe plethya-
mograms shown in Figs. 16 to 20 are very similar to those
obtained by Stefahi, but the simultaneous pulse tracings show

- that the second period of Stefani represents a filling of the
suricles cnring ventricular systole: As shown in Figs.1l6 to 20

this aurlonlgrvfilling may alter the volume surve of the whole: -

heart ta a varying degrae. |

Cardio-pneumogrems give us evidence that the intra-thoracie

vulunofin man varies 8t the most only & c.c. during systole,
while over-100' a.c. of blood leave the chest during that period.
Study of o8ruio-pneumograms gives us the same evidence for man
that piothyaﬁograpﬁio studies give indications of in snimals,
that 18, thatlﬁuring ventriocular systole the suricles must be
filling to an extent which 1is comparadble with the amount of
blood leaving the ventricles.
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CORCLUSIONS:

A study of the movements of thﬁ bage apd the apex of the
heart of the frog, turtle, and dog showed that during ventrio~
ular systole the bese hus relatively great movement toward the
spex, while the apex remains almost utatipnnry; 1ts slight
ﬁovhmont usually being toward the base. The fact that the
base of the heart haé 8 great movement, ihilo the spex remsins
almost stationary, sllows the heart to expend all of its energy
in moving blovod, instesd of vanting”part of it in moving the
- surrounding organl.xi?tny thi%la heart dﬁnﬂiarﬁf"it was found
that outting the fremulum caused & great diminution of the
movement of the base, but causes & slight inoresse in the move-
ments of the epex. It appesrs that iy the hesrt of asmphibiens
and reptiles the frenulum hss the funotion of fixating the apex.
In memmals the rrenulﬁm is absent, but the faot that the chest
is 8 rigid completely filled structure makes it unnecessary,
for the apex of the heart is held. against the diaphragm (7).
Also, in memmels the medisstinunm 0rrera greater support to
the. heart.

Fluoroscopio studies of dogs with silver wires placed at
various points in the heart muscle confirmed in the intact
animai’tho results obtsined in soute experiments. The move-
ments of the base of the heart downward:daring systole provides
and explanation aa-to the mechanism of the filling of the sur-
iocles during that period. The base of the heart lies between
- the suriculayr and ventricular portions, &nd the downward move~

mént of the auriculo~ventrioculsr septal diaphrugm enlarges the

_ Yenous reservoirs allowing a flow of blooa into them during
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ventricular systole, As the base moves upward, the blood
acoumulated in the venous reservoirs, rushea into the vent-
riocles, and thus this explaine the raopid ventriculsr filling
which oecurt.}

This view that the suricles fill during ventricular systold
mére completely than previously supposed is compatible with

exidence obtained from many other experiments. Wiggers, and

" moet other workers in the field of pressure recording, find

thet during ventricular aystole the intra-auricular pressure
talin to 1ts lowest level, and alsg, that it gradually rises,
until at the beginning of diastole, it has resched a level
which permits rapid ventricular f£illing. This 18 shown in Fig.8.
~ Cardio-pneumograms obtsined by Hamilton (15) and HoleslBhner
{16) show that there is no great net volume change in the
thoracio cavity during ventrioular systole, This cen be dem-
onstrated very simply 1f the moﬁth is filled witn smoke, and
the interial nares slosed with the soft palate while the resp-
iration is held at a passive expiratory standstill with the
glottis open. 4 series of tiny puffs of smoke issue from the
mouth, and it ocan easily be sesn that theii volume is very
minute. Thc simplest explanation for the faot that the intra=
thoraoié volume remsins prastically constsnt during ventriculsr
systole is that blood is entering the chest slmost as fuet as
it is leaving it, the slight differcnce causing & pulsstile
variation of intre-thoracic volume. _

Records of the simultaneous volume changes of the suricle
and ventricle of the frog heart as shown in Fig. 10 show very
olearly that the auricle £ills as the ventrigle °EPties. élwo,
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calldbration shows that the amuricle or the ventricle slone has
8 mugh greater volume change than when §cth are in the ocard-
iometer together, In the turtle heart the volume change as
shown in Fig. 15 shows that the ventricle alone changes 1ts
volume .7 c.0., 8t each beat while the whole heart volume change
is only .2 c¢.0. 88 shown in Fig. 13 and Fig. 14.

voluﬁe changes of the dog heart ss recorded by tambours
connected with the pericardial oavity show a wave whioh is
éalled V in Pigs. 16 to 20, Thie wave ia due to the filling
of the aurlcle and oacurs near th;\end of systole. The rest
of the upstroke on these volume records indicates slower
filling of the heart, but in all osses filling of the surtoles
has prooood;d conaiderably batore'aystole is completely over.

The general conclusion arriqu at as a result of study of
the movements ~nd volume chenges of the heart is that during
eystole the basc of the heart moves toward the apex, and thc
venous reservoirs are enlarged by this me*liod so that a large
quuptity of blood flows into them before systole is over, and
their elastic recoil forces this blood into the vensricle at
the beginning of diastole, and is aided by the upward movement
of thenﬁase.
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SUMMARY.
Direct recording of the movements of the base and apex §
of the heart of the frog, turtle, and dog showed that at

each systole the bese of the heart makes a large movement

towsrd the apex, while the apex remains almost stationary.
This enadles the heart to expend its total energy in moving
blood instesd of westing part of it in moving the surrounding
organs. When the frenulum of the rrég or turtle heart is
cut, the movements of the bdage are deareased; while those
of the &pex cre inoreased, 4ilso, the whole heart moves
upward to s ﬁnrying degree depending upon the development
of the frenulum.

Fluoroscopic observation of the hesrt of dogs in which
eilver objeots had been placed showsd that at each systole
the baa; makes about & centimeter mcvemgnt toward the apéx,
while the apex itself remsnins almost motionless., 'the move-
ments of the baese are greater than the movement of =ny of the
bordera, and this suggesta that the downward movement of the
base has & signifiocsnoe in the filling of the suricles.

volumes studies on the heart of the frog show that the
volum® changes of the heart ae a whole are much less than
thoae of the auricle or the ventriocle alone. ilso, simaltan-
scus volume records of the auricle and ventriocle of the
frog heart show that as the volume of the ventiricle decresses,
the wolume of the auricle is increasing,

volume studies of the heart of the turtle show that the
volume change of the ventricle alome (.7 c.c.), a8 recorded
by a oardiometer connected with a tamdbour, are Tar greater

than those of the whole heart (.2 a.o,)
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SUM'ARY (Cont.)

volume changes of the‘dog9s hesrt recorded using the
pericardium as a cardiometer show that during systole
the volume of the hesrt decreases, and befure systole has
&ndcﬁ,_it/inorohocl to a varying degree depending upon
the rate and venous pressure., This inoresse is due to
the filling of the aurioles, and this f£illin; procesds to
a mnehlgreator oxtent'auring ventrioulsr systole thsn

pri#iously supposed.
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