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INTRODUCTION
Experimental study of the influence of interruption of
the coronary circulation on heart sction begean with J. E, Erichaen
in 1842. In his paper "On the Influence of the Coronary Circulae
tion on the Action of the Heart”, published in the London Mediecal
Gesettos, lrichasen found that dogs died within twenty one minutes
after the main coronary arteries had been tied. He obaarvgd this
by pithing doges and quickly putting ligatures arcund the coronary
erteries and then noticing the response of the heart, Following
death of the animal & slight tremulous motion of the ventricles
persalated,
Since Irichaen'’s time extensive studles have been
carried out to investigate the disturbances in rhythm snd
electrical sctivity in heart muscle asscciated with coronary
occlusion, but relatively little is lmown about the immediate
mechanicsl changes which follow the oocclusion. This 1s particu~
larly true regarding events whieh osour in the fractionats
portlions of myoscardium whioch are directly influenced by varying
Klegress of ischamia,
In 1894 w. D. Porter (1,2) sucoeeded in ligating the
anterior descending corcnary artery while recording left intrae
ventricular pressurs. He found that a gradual and continuous
[decrease in ventricular pressurs follows occlusion of the artery,
1




2
Orias in 1935 (3) desoribed the summated influences of coronary
occlusion on intraventriocular and sortic pressures, Frovided
fibrillation d1d not occur promptly, major soronary artery
occlusion reosulted in a fall of both aystolic and dlastolic
pressures, but this was "compensated" through more forceful
eontractions of unaffected muscle, From these findings Orias
presumed that the 1schemic area did not contract, With suitable
instrunentation for more preclse evaluation, Tennant and Wigpers
{l,) deseribed myographic records made directly from ischemic
muscle, This report presented incontestable evidence that
following occlusion of & main coronary branch, the ischemic muscle
no longer ocontracted normally and sometimes stretohed during
ventriocular systole,

Gubney and Crawford (5) studied myccardisl infarotions
on humans with the multiple-slit moving film kymograph. They
found a reversal of movement or an absence of pulsations in an
infareoted area of the left ventricle, Later Prinzmetal et, al,
{6) and Dack et. al, (7) observed that bulging or "ballooning" of
an ischemic zone of nyocsardium may be cobserved cliniocally and
recorded graphically on the electrokymopram or roentgenkymogran,
At best, however, thess clinical methods could only indiocate
whether ballooning in systole was present, Dack et, al, (7)
cautioned that position changes prodused by torsion, traction or
pendulum movementa of the heart as & whole may complicate the

tracings. The Prinzmetal group (6), using a cinematographic
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tachnique (43100 framea/second), described the "ballooning" of
the ischemic zone following large coronary artery occlusion, but
siznificant differences from the observations of Tennant and
Wwiggers (/) ralsed importent questions about the following:
1) time to onset of loss of contractility in the ischemic szone,
2) precise period during systole in which ballooning occurs, and
3) the question of whether the systolic out-thrust "waxes and
wanes" during the period of oceclusion,

In order to permit resolution of ths above questions, s
more acourate method of determining ﬁ&ecnrdial contractils foroce
is required, Varlous types of myographic levers have been used to
record contructils force of the ventricles (L, 8, 9), but theass
methods apre not adequate to produce demonstradble, reproducible
tracings, In the present study the force of ventricular contrage
tion is qualitatively measured by the use of small electrical
strain gage arches (10) sutured to the ventricles, These gages
are supsrior to previous instrumsnts used because: 1) they are
easier to work withy 2) the contrastile force may be recorded in
multiple areas of the same ventricle; and 3) they are not effectad
by heart rate or position movementa of the heart {(1l), 3train
gage arches have been used to study directly ventricular contrace
tils force in humans plven various amines (12) and also during

cardio«pulmonary bypasa in patients with heart defects (13),




MATERIALS AND HETHODS
Animels and Anesthesia:

Experiments were performed in twenty four mongrel dogs
of both sexes, weighing between five and firteen kilograms, The
animals were all aneathetiszed with pentobarbital sodium (30 mg/kgk#
Recording Instruments and Technigues:

Strain gage arches were employed to measure the qualitae
tive foroce of ventricular contraction of the dog's heart. The
arch contains a strein wire resistor plaeced on a metal strip one
centimeter long and one third centimeter wide. It has a foot
plats at each end of the metal strip, each containing suture holes
by which it may be sutured to the ventricle, The strain gage arch
is the variable 1imb of bridge circuit, and any slteration in
lsngth of the wire alters its resistance, thus unbalancing the
bpidge and altering its output voltapge.

Tha strein gage arch was wired to a 5PI Grass pree
amplifier coupled to a Grass model 5A driver amplifier, 7The lattex
wag coupled to the Crass direct writing oscillograph,

The SPI polygraph presmplifier 1a a chopper modulated
and demodulated high gain, low noise, low freguency, DC preamplie
filer which has & frequency response to forty cycles per second,
The input is designed to drive balance controls and excite the
ciroults of coupled recording instrumoents, such as the bridge of

L
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the strain gage srch, The model 54 driver smplifier is a push
pull, two stage divect coupled amplifier with a differential
input. Its primary function is to amplify signals from the
polygraph prearplifier suffictently to drive the direct writing
oscillographs It also aupplies voltages to operats the assooisted
proamplifiers, Tho maximum ssnaitivity of the driver amplifier
combined with the pen writer osaillogﬁugh is greater than one
hundred millivolts per centimater,

Records of blood pressure from a oarotid artery were
obtained by means of a 3tatham P23A %%unwﬁuaor coupled to another
chennel of the polysraph. The P23A pressure transducer has a
pressure rangs of zeroc Lo soventy five centimoteors of mersury and
an approximate naturel fraquency of thirty nine oyoles per ssoond
at nineteen hundreths oritical damping with s twenty gage nesdle
five centimeters in length,

An integrating cardiotachometer (1l;) was added o the
aystexn, The input of the tachometer was taken from sontast points
in parellel with the pen writing galvanomster. The output of the
tachomater was connected to another channel of the polygraph,

A standard 1imb lead of an electrocardiogran was also
soupled to snother channel through a PS) preamplifier and model
S5A emplifier, In all experiments lead II was recorded,

The recording teschniques used in this study ere capabdble
of reprodusing simultaneous tracings from the various dynamio

paramcters under investigation.




Mongrel dogs wers anesthetized with intraperitoneal
injections of pentodbarbital sodium, After an adequate plane of
anosthenia had besen sestablished, an incision was made in the
anterior mideline of the nesk so that both carotid arteries and
both vagl oould be dissected free. The common carotid artery was
cannulated with a polyethylens eatheter attached to the Statham
pressure transducer oalibrated so that two centimeters deflection
equal 100 mm of Hg, A tracheotomy was performed and a positive
pressure resplrator sonnected to the %rnahaal catheter, A
thorocotomy was then mede through the fourth left interspace and
a pericardial crsdle made to expose and support the heart, The
strain gage arches were sutured directly to the myocardium either
parellel or at right angles to the main branches of the coronary
srteries, Two to four arches were sutured to the ventricles
{right or left) in the diatribution area of the anterior descending
or cirgumflex arteries, or at midepoints between these two
artaries,
| Nsedle HCG slectrodes wers positioned and lead II was
recorded on the polyzraph.

The proximal portion of the left coronsry, anterior
descending, or clreumflex artery was dlsseoted free and an
umbilioal lipature with s sliding glass rod placed about the
isolated artery, Sliding the glass rod down the umbilical

ligaturs effectively ococluded the artery, After a sultable
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sontrol pericd the ligature was tightened around the artery and
the ooclusion maintained for periods varying from two seconds to
twenty minutes, Hepeated ocolusions were carried out in the same
animal with recovery intervals varying from five minutes to one
hour,

In four of the experiments a bilateral vagotomy was
performed before the initial ocolusion.

Following termination of the experiments, the hesrts
wore sxamined carefully to make certain that the ligetures were
placad about the proximal portion of :ﬂm artery under study,




RESULTS

EBxamination of tracings recorded from strain gage arches
sutured to the left and right ventricles reveal that the sharp
initial upstroke at the beginning of systole cccurs at slightly
different times in 4iffersnt muascle segments, and just prior to
systolic upstroke in the carotid arterial pressure trace (Figure 1
Amplitudes of contrsction remain reasonably constant during the
control period, After tightening the lipgature around the main
left coronary artery, the amplitude of contraction in both
ventricles began to decline within 2 seconds. The amplitude
progressively declined until 1t reached a minimum which was 30% of
precoclusive smplitudes on the left and 60%1 of control amplitude
on the right ventriele after 15 seconds of ocolusion, Carotid
bleod pressure actually increased during the initial portion (firs
6 seoonds) of the occolusion periocd, but then progressively decline
and continued to fall even after the ccclusion wes released,
| Pulsus alternans developsd briefly but was not suatained,
Following release, the amplitude of myocardial contraction proe-
gressively and synohronously recovered in hoth ventricles, asnd the
resovery was accompanisd by return of blood pressure to normal,
Heart rate decraeased moderately throughout the experiment,
Electroocardiographie changes rarely appeared or were minor unless
the occlusion was prolonged, although ST segment depression

8
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developed graduslly as repeated ococlusions gave rise to more
pronounced isshemia,

In Pigure 2, intermittent oycles of weak and strong
sontrections were recorded from muscls immediately adjasent to the
1schemic sone of the left ventrisle, Following an initial decline
in contrsction arplitude, oyclic alternations appeared super-
imposed on greater and greater amplitudes, Following release of
onclusion, amplitudes were still further inereased with retum to
normal after spproximately 100 sesonds, Blood preassure first
{nereased slightly snd then declined, [CG changes 4id not appear
%o be significent in lesd II, Amplitude of ocontrasction of normal
myosandiel segments in the left ventricle in the area of the
siroumflex artsery did not change significantly.

In Mgure 3, the anterior descending avrtery was
permanently tied off and records sontinuously taken until fibrillas
tion developad, The ischemic sone showed immediate depression of
contraoctility but was marked by a slow phasis alteration in foroe
of contraction, Pulsus altermans was detectable in the arterial
pressure trace within a few seconds, considerably befors it
appeared in the ischemic muscle trase, It failed to develop in
the nonwischemic zone of the same ventricle, As the alternstion In
arterial pressure pulses bsoame mors obvious a similar slternation
appsared in the contractions of ischemic muscle, However, the
more forseful contraction of the isshemic muscle was associsted

with the leasser of the two alternating arterial pressure waves,
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EGG complaxes of lead II remained ¢omsistently essooiated with
myooardial contrsotions even though the alternating pressure waves
disappeared from the arterial pressure trace, The ST segment
became progressively more depressed as occlusion was prolonged,
particularly during the heart oyels whioh resulted in the stronger
arterial pulse,

With continued osclusion the amplitude of contrastion of
the ischemioc musele gradually inocreassd, both components of the
alternating contrection waves participating in this recovery.
Intraventricular pressure was inereased sufficiently to open the
aortic valves and to restore arterial alternsns. A ventricular
tachycardial run then resulted in deterioration of the pressure
and sontrectile phenomens, sventuslly ending in fibrillation, The
full sequence of events from the time of arteriasl ligation to
death was marked by an apparent "waxing and waning" in the
amplitude of contreotion of the ischemic zone. A% no time was
sontraotion of the ilaschemio zone entirely obliterated nor did
systolic bulging develope, Pulsus alternans was continually
observed in the contractils tracings from the ischemic sone until
the experiment terminated in fibrillation. It is interesting that
[eontraction waves continued regularly in the ischemic sons for
some tims after blood preassure began 1ts ternimal decline,

Iracings recorded from strain gage arches sutured to the
left ventricle in the distribution area of the circumflex artery

{top tracing) and the anterior descendens (2nd tracing) are shown
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in Pigures 4. Upon oocolusion of the anterior descendena there was
& slight ineresse in the foros of contrmotion in the area of the
cireunflex, However, in the ischamic ares of the anterior
descendens the roproe of contraotion, or ocontractility, repidly
deoreased to sero and is replaced by expansion or bulging of the
muscle tisaue between the two limbs of the strain gage arch, Thia
bulging represents stretshing of the amall mass of myccardium from
which the gape was recordings The bulging progressively haocame
more extensive until the release of ths osclusion, which was
followed by the gradual return of enm%rauillﬁy. Hote the progres~
sive recovery in force of contraction, its significant increase to
lovels conslderably in axceas of control, and its eventusl return
to ocontrol levels after spproximately two minutes,s A transient
fnoreass in blood pressure was also noted during the coclusion.
Heart rate and ECG remained essentielly unchanged,

Figuve 5 1llustrates the changes in contraotile force
observed in three different locations on the left ventricle when
the proximsl vegion of the anterior descending branch of the left
soronary artery was occluded, Only o very aslight decreass in
amplitude was recopded from the muscles supplied by the circumflex
branch (top trace), A prompt and progressive decline in amplitude
of contracstion was recorded from an ares betwesn that prudom&nuntlﬂ
supplied by the circumflex and the anterior descending branches
(second trace), In the prinmoipal area of anterior descendens

distribution, contractility rapidly declined to sero and was
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replaced by expansion or inversion (third trace), The bulging
became progressively more extensive, even after release of the
occlusion, when in faot, it atteined its maximum, During recovery
there cccurred a period in which the myocardium showed an initial
watk oontraction which was replaced (sometimes gredually and
sometimes abruptly) by the normal pattern of systole,

A record of such dbulging made at high speed 13 shown in
Flpure 6. Again, the Initiael chenge is & progressive decline in
amplitude of the ischemic muscls contraction, 4 biphasic response
then eppeered in whiech the muscle uh&waﬂ an Initial low intensity
contraction lasting only a small portion of systole, This initial
contrection was termineted and replscoed by bulging as ventrioulay
pressure attained meximum levels, The biphasic response was brief
as the initia)l contraction bLecame progressively weaker and
gradually disappeared, Bulging then appesred immedlately upon
the initial development of intraventricular tension, Meximum
bulging occourrsd late In the period of ocelusion and was followaed
by rrogzressive recovery, The latter was marked by a gradual
desrease in amount of bulglinzg during each successive cycle with
the eventual raappearance of & gmell initial sontraction. During
this period there was nolther aisnificant contraction nor stretoh-
ing of the muse¢le segment which had been ischemic, Contraction
then progressively improved and all tendsncy toc bulge disappeared,

Pulasus alternans develeoped in a signifiecant number of

experimsnts, elther late in the period of occcluslon or soon after
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the ligsture was released. In many instances the ischemic gone
showed an alternans, either in or out of phase with the pressure
pulses recorded in the sarotid artery, while the noneischemioc
zone did not, The alternana usually developsd during the most
severs period of myocardial depression and tended to diseppear
with recovery of normal contrsctility.
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Figure 1

Simultansous recordings of myccardial forece of contraction
of the right and left ventricles, tegether with other
dynamic events, during occlusion of the main coronmary
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Figure 2

Records of myocardisl contraction force in muscls supplied
by the anterior descendens and circumflex arteries while
the former was occluded. Note waxing and waning in con-
tractils foree in the "occluded” region and the exagger-
ated force following relsase.
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Figars 3

Contractile force following permmnent occlusion of the
anterior descendens artery (at signal). Note initial
decline followed by phasic recovery in contractils force.
Note also the punlsus alterasns in the arterisl pressare
pulse and in the ischemic myosardial segment, Dut its
absence in the ECO and in the non-oecluded muscls.
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Simultaneous recordings of myveardial foros of cantrsction
of the left wentricle in the area of the ciroumflex srtery,
snd anterior descendens, together with other dynmmic events.
The signel indicates the time vhen the proximsl portiom of
the anterior descendsns was ccaluded,
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Figure 5

Changes in contractile fores in three different segments
of the left ventricle during ocolusion of the anterior
deseendens artary. DNote the reversal in the ischemioe
region representing bulging of this muscle segment dur-
ing ventricular systols.
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Figure 6

Effect of coronary artery occlusion recorded at high
speed (25mm/sec.). Note the progressive declins in
contractile force followad by the gradual development
of bulging. The initial contraction gradually weak-
ened until bulging was finally observed immediately
after the beginning of systole. The reverss occur-
red during recovery.




DISCUSSION

The sinultansous decline in mechanicsl force of
contraction of both ventrioles during ocecclusion of the main left
coponary artery presumably was related to the specifio placement
of the strain pages on areas supplied by the osccluded artery,
Considerables variation in coronary artery distribution patterns
has been described (15, 16), However, when the geage was placed in
an aven supplied almost entirely by the ooccluded artery, amplitude
of contraction promptly declined, We cannot agres with the
Prinzmetal group (17) that “the lachemie myocardium ceases to
sontract within thres to four seconds sfter the coronary artery is
oocluded™ but the prompt depression of contraction wes certainly
an impressive feature of the experiments. In all fresh prepare-
tiona, a transitory elevation in aystemic biocod presasure followed
immediately after occlusion in spite of depressed contractility
of the ischemie sone, This preliminary systemic pregsure rise
was generally abolishad by bilateral vagotomy, and may de related
to reflex vasoconstriction initiated by receptors within the
fachomla mycocardium,

In spite of the initial rise in systemic blood pressure
immedlately following ligation, blood pressure generally declined
lduring the latter part of the occlusion period, Fell and his
co=workers {(18) recorded mean arterial pressures during the
20
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ligation of the anterior descending artery, and observed instances
in which pressuro remained unchanged or rose than those in which
1t foll, regardless of whether the vagi were intact or sectioned,
Only when smaller branches of the copronary srteries were ootluded
424 blood pressurs fall to decline in our experiments. However,
avan though the period of ococlusion was prolonged, contractions
of the epleardial musole mass sometimes wes not severely depressed
and occasionally vegained control amplitude, This sirsumstance
reflects only partial lschemia in that particular mass of tissue,
It was in this kind of situstion that the "waxing and waning"
shown in Pigures 2 and 3 was occasionally observed, This
phenomenon wis never observed after contraction had deen
completely abolished or after the lschemic sone had started to
bulge, 3Similar siroumstances may account for the differing
reports of Prinsmetal et. al. (6) who sew "waxing and waning® and
Wiggers (19) and Oregg (20) who 414 not.

Pollowing release from s short perlod of oeclusion,
sontraction of myocardial segments within the involved sone often
bacame muoh core fopeeful than in the control, pre-ccclusion
period, Such exagporated oontraction rose to & maximum and then
gradually returned to control levels, Orias (3) also found that
up to fouwr minutes after ligation, eortic and ventricular
pressures weore not only restored to normsl, but the heart action
wes dynanioally better than normal, There is no explanation for

sush a response, but note that it corresponds in time to the
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mariked increase in coronary flow ascridbed to resctive hyperaias
{21) following similar occclusion procedures, By mesns of
differential preasures and flow messuremants Creg: and Green {22)
found that following tewmporery ischemia of the coronary bed the
inflow is increased greatly without significant sltarations of thel
poripheral ocoronary pressure, The dupstion of the inoreased force|
of contpastion sesme also to be roughly proportionsl to the
duration of occlusion, agaln in parailel with the duration of
veactive hyperemia (231). Concsivably both responses could be
associsted with the looal acourmlation of metabelites and the
oatesholamines during the ococlusion period, but as showm by
Coffmmn and Gregg (23), the factors responaible 4id not appesy
to be washad out immedistely with the slevated levels of flow, forf
the duration of hyperenis increased with the length of soclusion,

Pigures L, S, and 6 1llustrato the faot that & saverely
ischemic region soon loses 1ts sbility to shorten during systole.
Both Wiggers et. ale. (2)) and Gregg (20) felt the ischemic muscle
"attomptad to shorten® but i1te foroe of contraction was too weak
to withastand inteaventrisular pressures, Direct msasuvements of
contrastility by the strein geges falled to reveal any attempt to
shorten once lachemic beoams profiound, but until thon sonfirmed
the hypothesls that the muscle does continue to sontrast
rhythaieally, ’

These strain gege records clarify snother point of
differonce betwesn the Prinsmetal group which report that the
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{schemic ares *contracts sarly in systols end balloona late in
systole” and Wigpers who observed that the bulging begins during
the isometric contraction period end is sustained throughout.
Pigure 6 clearly reveals that both views are correct, depending
upon the precise period of obssrvation, During the iInitial period
of isochemias, contraction appeared early in systole, follewed by
bulging, but with continued lachsmic the tiassue bulged at the
onset of systole,

Manning et, als (25) and Leroy and Sanider (26)
postulated the presence of a soronary vasoounstriotor reflex
following coronary aprtery ocelusions The hypothesis wes presented
that sudden death in patients resulted from reflex covonary vasos
oconstricotion whose stimulus was the infarct,; vhose afferent pathe
way is the cardiosensory innervation and whose efferent pathway is
the vagus, The presumed result of such reflex vascoonstristion in
e susosptibles person is fatael ventricular fidrillestion (26},
Menning et. al, (25) noticed that the mortality of unanesthetised
dogs was higher than in anesthetiszed dogs following coronary
artery occlusions They believed the reflex was inhibited by the
depressant eoffect of the anesthetie agonts, Opdyks snd Selkurt
(27) investigated this area by measuring flow rates from various
gsoronary branchas efter an adjacent branch had been ooeluded,
They found an inoreased flow in the nonwoecluded artery, If =
intorcoronary vascconstriotor reflex wers present, 1t would be

logioal to sssums that & deoresse in forsee of contrasction would
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result in & non-cceluded area of the ventricle, However, the
records of the amplitude of contraction recorded by the atrain
gage arches show a slight increase in the noneococluded areas.
This favors the view and supports the findings of Opdyke mnd
Selkurt,

The ability of the myocardium to withstand severe
ischemis with full recovery 1s a nmatter of great practical interw
est. OCur oxperiments were not designed to test this ability, dut
the following observationa are apropos, The first ceclusion in
any given experiment was generally followsd by considerably less
dynaniec change (in arterilal pressure, Z.0.,C., or in fores of
musole contraction) than in identical occclusions whioh followed,
If the recovery period dbetwesn otclusions wers short, dymamie
changes were correspondingly pgrester. Therefors, an initial
scclusion frequently required 10 to 15 seconds before narked
dspression of sontrastiona ococcurred, On succaessive osclusions of
the same large artery, depression of the sams zone of ischamie
musole appeared sarlier and became more severs, Whereas bulging
of the Lschemic section 4id not appesr during an initisl short
ooclusion, 1t did appear after repeated ccclusions, Also, proe
longed ococlusion frequently induced bulging when short oceluaions
414 not, In all of our procedures contrastions were restored
provided release of the coronary lipaturss wes instituted within
one minute, Wiggeras (19) reported contrastility wes not restored

when a coronary slamp was left in place longar than 20 to 50




2
minutes. Ysbukl et, al, (28) presented pathologlc evidence which
denonatrated that a complete ooclusion of a major branch of the
coronary artery is assoclated with death of ths cardisc musele if
the ooclusion is meintained for forty five minutes or more.

The pressence of pulsus alternans without electrical
alternans is unexplained, It is slear from the BCG that the
sxcitation wave arises rhythnically and apresds over the
myoccardium even though some frsotions do not give & full
mechenienl response. H. C. Wiggers (29) demonatrated that action
potentials can still be recorded rraé the 1schemic area for at
least 20 minutes after coronary occlusion, and indeed, Tennant
and Wiggera (L) showed that the heart mey be artificlally driven
for considerable periods by elestriocal stimulation within the
iachemic sone,
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SUMMARY
In snesthetized, open cheat dopgs under positive pressure
respiration, strain gage arches were sutwred to the
mycoardium, and the qualitative foroe of ventrioular
contraction was recorded from areas in and outaside the
distribution of a given osoluded ocoronary artery.
A simultanecus decline in the force of contrastion of both
ventricles 1s illustrated when the left main coronary artery
1is occluded, .
During ocolusion of a large coronary artery the force of
sontraction of the affected nmyooardium decreased, and with
sontinued ocolusion the ischemic area no longer contrested
but dulged during ventricular avetols, lLesd Il of the =HCC
remained relatively unchanged during ventricular bulging.
After seversl suscessive occlusions, veniricular bulging bee-
came more pronounced and oocsured more promptly after ccoluion)
Restoration of sontraction in the ischemis segment was
abserved in all instances of occlusion of one minute or less
Upon release of the occlusion, the foree of sontraction in
the ischemlo segment progressively became markedly greater
than control with apparently complete recovery during the
following one to three minutes,
Pulsus alternans was frequently notioced without electrical

alternans,
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