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Abstract

: . LN
Total heart replacement may be tbe only cure for persons

suffering from vdrreversibie myocardial damage. One type of heart
replacement with a possible future would be an orthotobic cardiac’
prosthesis or art1f1c1a1 heart. Artificial heart. reéearch bas
been act1ve for f1fteen years and experimental 1mp1antatlo ~ have
kept animals alive for up to eleven days, : <

When this ertifﬁciat heaht program began three years -ago
the problems accompany1ng total art1f1c1a1 heart replacement wiuh
not well def1ned lle believed that a systematic study‘of the
Timiting factors of tota] artificial heart rep]acement would
contribute to art1f1c1a1 heart deve]opment |

There were three phases in the project. The first phase
included the oreliminary design, fabrication'and in vitro testing‘
of a suitabJe artificial hea}t, driving system and testing}
apparatus. An air-pewered sac-type device was developed with.
acceptable in vitro performance. The second phase saw the develop-
ment of the basic design with experimentel implantations. Twelve
different models, thcluding both sac-type and‘diaphragm-type heerts
were developed and nine mode]s were tested 1n the chests of 43 dogs, .
pigs and calves, An implantation procedure was deve]oped and
survival times in ca]ves reached a maximum of 33 hours. Some of the
‘. animals made excellentfbost—operative recoveries with horma} behayier.
Theuthird.phase'was an in depth study of the resutts}frOmhthe tast |

22 implantations. From the causes of death and patho]oglcal review
: . . ATy L
& ' _{,

iv



ot of the 22 imp]ahtatiéks five 1imiting faétoéé Qere eStgp}iéhed.,
Y . The 1im1ting.faétbrs are:

< low' cardiac outpuf

thrombosis A
pu]monary comp}icétions ~
blood damage . | 'A |
rand su?gicé] procedure.énd experiméntal énimaq§.

" e feel that these limitations are not unique to our own eprriences,

but common to othég artificia] heart developments- throughdut the
world. C T
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CHAPTER I . \\

It is becoming'increasing1y apparent that the availability
of artificial heart devices would offer a mode of therapy tor a
.sizeabTe'percentage of patients dying from'heart dtsease. According
to the ]atest stat1st1cs,[ I* ischemic heart disease alone acconnted
for 48,394 of the 76, 66%459rdiovascu]ar deaths»that oicutpea in |
Canada in 1969. Morta11ty statistics prov1de on]y a partial p1cture

of the 1mpact ‘that heart dlsease has on 1nd1v1dua1s, families and .

-

society as a who]e Morbidity statistics would also have to be .

~

cons1dered in asseSS1ng the magnszde,of the cardiovascular disease

prob]em S1nce heart disease is enera]]y‘progressive the more

pat1ents that are kept alive through the use of drugs, correct1ve -
surgery, or heart assist dev1ces, the ‘more that w111 eventual]y

requ1re total heart rep]acement

T

\- o

0ver the 1ast 30 years it. has been c]early demonstrated j,r'

¢

‘that: mechan1ca1 b]ood pumps and oxygenators can assume the funct1ons“f -

of the heart and lungs for cons1derab1e per1ods of t1me ‘bfhe7f;".ff
problems confront1ng the deve]opment of a. tota]ly 1mp]antab]e

f_art1f1c1a1 heart are far greater than mere]y m1n1atur1z1ng these

”“f;"blood pumps and 1engthen1ng ‘the - feaswb]e pump1ng t1me Some of the'.'

-5*nnnbersgin braokets”indicatefreferences listed on pages 156 to 164.

EE
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not a]] be so]ved by one person or group

te;hnical and non-technical probiems ofideve1opment and app1jcation
of an artificial heart include:
blood pomps and controls
blood/materfals interface L
ene;gy‘systems
physio]ogica] effects
W' v:instrumentation
E blood oxygenators
C%'eﬁdogénous heat
percutaneous leads
b]ood f1ow
. re]fability and maintainability
:safety ,
~patient diagnosis'(oatient suitabi]ity)
<.anatomy (spaoe, sopport,'weight)
faci]ities,Apersonnel, equipment
moral and ethical éonsiderationsA

: lega] cons1derat10ns

e

4
-
e T B

oL 50c1a1 and psycho1oglca] factors

and econom1cs

‘Whe 11st of probTems is by no means short and they w111

a

- Th1s proaect has. conf1ned itself to the 1dent1f1cat1on of
.‘# &
some of the phys1o]og1ca1 effects and 11m1tat1ons of art1f1c1a1

o w'heart mater1als, heart des1gn and e per1menta1 methods through a

 series of total heart replacement

in exper1menta1,an1mals. o



S

L pump to supply part]a] funct1on for the r1ght s1de of the heart.

N

1.2 The Artific{a] Heart: Historica] EVents

“\\ The first 1nvest1gator to attempt to implant a mechanical

heart inside the body was a Soviet named Dem1khov[2] In his book[ ]

Demikhov described his early exper1ments

MIn view of the fact ‘that the heart
in natural conditions is a 1living pump
we had the idea of trying to replace
- the heart by a mechanical pump. - For
-~ this purpose, in- 1937, ve devised and-
constructed a compact apparatus, the
size of the natural heart, consisting
of two adjacent membrane pumps which
performed the functions of the ventricles
of the heart. The apparatus was placed
inside the dog 's chest at the site from
which the dog's own heart had been
removed; the shaft of the apparatus was
“brought out through the chest wall for
" attachment to the operating electric
motor. -After the shaft had been brought
out, the chest wall was sutured
hermet1ca11y .We carried out three
exper1ments at that time, and five more
in 1958. ‘When-an artificial circulation
- was ma1nta1ned for 5 1/2 hours in a dog
A{without. its ‘own heart); a]] signs of
- Tife were . observed R

- e

: As far as. 1s known, Dem1khov has not pursued the work further.

In the Un1ted States the f1rst proposa] for an artificial

b]ood pump for permanent 1mp]antat1on was 1ntroduced by Salisbury.

in 1957. [ ]In h1s Pres1dent1a] Address to the Amer1can Society for-,,
"QArt1f1c1a1 Internal Organs he descr1bed hydrau11ca11y dr1ven,

.‘u shaped compress1b1e, S11ast1c ventrﬁc]es and poss1b]e methods to

1

"~ power - them In 1958 Kusserow descr1bed the f1rst intra- abdom1na1

[5]

Also 1n 1958 Akutsu and Ko]ff reported an exper1ment performed at

the Cleve]and C11n1c wh1ch was the f1rst total rep]acement of a dog S

natura] heart.[é]The po]yvany] ch]orjde heart was activated with .

T



air carried by a plastic tube through the chest wall to a recipro- i
cating pump.[7] With the mechantcal pu@p driviﬁg the b]ood through
‘the dog's circulation, the animal lived for 90 minutes. This‘was
‘the first of many experiments to be conducted undef the direcfioﬁ
of Kolff,
S1nce then, s1m11ar investigations have begun not only at
other American centers, but also in Argent1na,[g] Canada, [9]
Germany[]o]‘Great Britain,[]]j>dapan,[lz] and the*U.S.S.R.[13]_‘
Mith the exception of Kolff's first heart, all the early
designs from the Cleveland Clinic were. e]ectrically driven to avoid
the complication of large air tubes cross1ng the chest wall. These
1nc1uded an e]ectro-magnet1c pump des1gned by Norton[]4](F1g. 1.1) and a .

pendulum type. des1gned by Kolff ancP Globe Industnes [15 ]6](F1g 1. 2)

Fig. 1.1 * Electromagnetic artificial heart. ~Solenoids

o - pull diaphragms inward and pressure trans- . -
ferred by hydrau]1c fluid forces ventric]e i
sacs to contract. -

rd
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~ penputum L

LEVER ARM

Fig. 1.2 Pendulum artificial heart., Swinging
pendulum collapses left and r1ght
ventr1c1e sacs.

_ Both employed ventricle sacs housing the blood which were
peﬁibdica]iy’co]1ansed'by-a rdSetteIOf so]enoids in the electro-
- magnet1c type and by a sw1ng1ng motor-dr1ven pendu]um in Ko]ff s

des1gn Kolff a]so tr’ ro]]er type pump[]s] emp1oy1ng a

. perlsta1t1c actlon, (F1g 1.3) but it too suffered from the same
1nadequac1es as other e]ectr1ca11y dr1ven hearts They ‘were a]] ‘
d1sappo1nt1ng1y heavy, weak, 1neff1c1ent and generated too much

tvheat.
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, to surv1éal t1mes 1n dogs of 13 hours.
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‘“.;f'_pig,'1.3ngoller art1f1c1a1 heart has . no 3§
' - -valyes and-.uses a per1sta1tic act g
yto pump blood., .

v,

By 1959 other researchers were beg1nn1ng ‘to have some

'favourable resu]tsa L1otta of Cordoba Argent1na had a]ready

d_;deve1oped pumps emoloy1ng membranes, bel]ows and ro]lers, 1ead1ng e

(8l

HaV1ng temporar11y abandoned a1r~dr1ven hearts because of- >

\_/

“the necess1ty for. 1arge tubes be1ng put fhrough the chest wa11
) !dKolff and. Akutsu returned to: compressed air at the encouragement
v “‘fof N. A.S. A eng1neers Who‘showed that a tube of only 1/8 inch 1nside
\ t;'d1ameter would suff1cé to transm1t the a1r power.[_]. us1ng extra-.5

‘] corporeal power sources e11m1nated the then enormous comp11cat1ons -



’; 1964 were achieving surv1va1 tlmes of up to 27 hours 1n dogs,_

lwhich ate. drank and behaved norma]]y in other respects.

~

of excessive heat product1on and 1nsuff1c1ent power of the
.electrica]ly driven devides. The compressed a1r dr1ve 1ntroduced

a new principle from which to work: that of the collapsible sac

' ventricle.[]7] - The principle employs resilient rubber or plastic:

sacs encased in a rigid or semi-rigid housing. (Fig. 1.4)

.+ Fig. 1.4 Sac-type artificial heart fills passnye1y* R
S during diastole. Systole occurs when. :
compressed air is 1nJected between the
f1ex1b1e sac and the semi- r1gid hous1ng

when air is 1nJected between the sac and the hous1ng thb*contents h, —_—

',of the sae//?e expe]]ed the flow be1ng contro1ﬂed by Kwo one-way

Lcheck va1ves. Akquu and Ko]ff ploneered th1s pr1nc1p1e and by . ﬂ}': R

[’8 19 20, 21 22}

(Fig. 1. 5) B I T .



F1g 1 5 Sac-type art1f1c1a1 heart. used . .
, in dogs for up. to 27 hours SRR

S
These 1onger surv1va1 t1mes were 1ntroduc1ng new problems,‘
' the an1mals fa11ed to. surv1ve not due to a ma]funct1on of the '

: vpumping mechan1sm, ‘but due to' the format1on of blood clots wh1ch

V':ose'to form emboli 1odg1ng in d1fferent parts of the body,‘ -
blocking the circulat1on.FZ3J This prob]em foeused attent1on on B
1f10w patterns around valves and w1th1n the ventr1c1es and on the

R, _;_development of mater1als that were less thrombogen1c.:n. |
| i ‘_‘V' About th1s same t1me DeBakey and Ha11 at the Bay1or - . ”
NS 5\;;,..University College of Medicine were developing extra-ventricu]ar ‘f:f:‘
B f:(Fig. 1. 6) and intra-ventricu]ar (F1g. 1 7) ass1stors of the air--

'; "vlﬁdriven sac- type.[zé’zsl



" Fig. 1.6 Double‘bypaSS pUMps used toiassjst'bgth
‘ventricles by ‘pumping in parallel.. -

> ; ’ o
F1g 1.7 Air-driven 1ntraventr1cu1@r pump1ng ‘$.~;
i o s]eeveg did. not require remova1., Se
© .. the natiral heart. oy )
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The first of several implantations of an artifiéia] venzriéula%'
assist Qevice in a human being took place in July,1963 under ‘the
direction of D;Bakey.{zs’ 27 this type of artificial heart
research favouring heart assist and not total replacement -continued
concurrent]y. )

The early 1960'5 also saw many other short iived<desﬁgns

Saxton\des1gned a centr1fuga1 pump which caused severe erythrocyte

damage [28] Hast1ngs deve]oped a&pydrau11ca11y driven d1aphragm

- pump ach1ev1ng\§urv1va1s of 34 hours in dogs.[29] An air driven

rolling diaphragm pump designed by Seidel kept dogs alive for up®
to 20 hours. 171 (Fig. 1.8)

L

R i) Drvng

.. T - had
Lressuce T (,Lnder

N\

Fig. 1.8 Rolling diaphragm artificial heart is .
powered by compressed air and the ventricles
fill by venous pressure..

#

10
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In Japan, Atsumi exgar: ted w1tb water-dr1ve? be11ows—

type and motor-dr1ven\roner\pumpslw{th ﬂObr resulfs s An

"‘. :

1nterest1ng application of b1morwhs was 1ntroduced by Loehr[3]]

in his piezoelectric artificial heart but it suffered from
inadequate output.” Woodward of the United States Army's.Harry
Diamond Labs developed a pump based on the fluid amp]ificétibn
[32’33](Fig. 1,9) resulting in survival times in animals

[34] _ N ' _/\\\\

up to 24 hours.-” . a

technique

BL 000
OUTFLOW INFLOW

! &
¢

Ja-

. OEFLECTION
* PoAY

VENTRICLE - —
. MAXMUM
HOUSING - - — DEFLECTION

N
- ™ sucTion
CONTROL .
/ ol : 'y
. POWER FLUID #
t » /\M.sc RaTe

OEFLECTION CONTAOL
iNE .

CONTROL NOZZLE

RESISTANCE

! L/ RECEIVERS
f

T~ PWLSE DURATION RESISTANCE

T POWER NOZILE

CONTROL MOTZLE —

BOUNDARY LAYER ' AT FLOw CONTROL

FLUID AMPLIFIER

Fig. 1.9 One sac-type heart used a fluid
: amplifier control mechanism.

Burns and Shumacker[35’ 36? 37, 38] of the Indiana University School

of Medicine deve]opéd an electrohydraulic pump /exhibiting apparently

favourable résu]ts.'(Fig.‘l.IO) Once again, however, the

electrically driven hearts were excessive in weight and size

(391 -

causing implantation problems,

R
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Fig. 1,10 Electrohydrau11c artif1c1a1 heart.
Both the ventricular and hydraulic

units were impolanted in the an1ma] S
chest and abdomen

By the mid 1960's ¢ ressed air with extracorporeal
control‘deviceg was becoming'we11 accepted at 1eést as an interim
mode of poﬁer for total'rebTacement artificia]-hearts. The air
powered pumps wére all smaller, lighter, more reliable, and easier
- to instéll than electrically driven pumps. vThe air driven'designs
also permitted\intrinsic'control mechanisms based on venous or
) filling pressure. Such simple control of output ?:‘ouljd! not be

" realized with any of the positive volume electriéal]y driven pumfs.
. a . -



The control of ventricular outputs; the balance between 1eft and
‘r1ght was becoming a point of major concern. Pos1t1ve displacement
pumps required complicated servomechanisms for control[32’ 39, 40, 41, 42]
whereas the éimp]gr sac and diaphragm-£ype air-driven hear;;
appeared to more or less obey Starling's Law, e]im{nating the need
for external control devices.[ﬁ’ 34, 4]’f43’,44’ 45, 46]
Liotta had by thisiéiﬁé joined.thé team of Ha]]\ana DeBakey
and- they began developing a diaphragh-type Heart (ﬁ?g. 1.11) which

could be utilized either as an assist device (Fig. 1.12) or a total
rep]acement'heart,[zsz 47, 48, 49, 50]

- DIASTOLE //

Aorta

fig. 1.11  Air-driven diabhragm-type bypaés device.

They were a]so exper1ment1ng with linings to TEEEEQg the antithrombo-
genic propertIes of the blood -diaphragm.interface. [48 511 They
lined the 1nner surfaces of the pumps with nylon or dacron velour
wh1ch promoted the attachment of a Tiving surface of fibrin helping o

to eliminate thrombus format1on.



L

Fig. 1.12 Velour lined bypass device designed
for semi-implantation.

A refined prototyge of the pump[sz](Fig.'1.13) was impTanted ortho-

topically in a 47 year old ma]e[53] by Cooley of Houston, Texas,

in the spring of 1969 sustaining his 1ife for 64 hours at which

time the patient received a cardiac allograft.

7

* orteriol

*

Left atriol
pressurer

S ‘ Artificial. héort ,
source : conirf)l mechanism ) !
- — . 5 ~ — .

T |

Fig. 1.13 HDiaphragm—type orthotopic,cérdiacAprpSthesis   '
- used in the only total artificial heart
repTacement in a human being. ¢

% .
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This 1so1ated case(is anaindication of the progress that had

occurred in only twelve years since the first suggestlon of tota1
”rep1acement hearts at the A S.A.1.0. meet1ng in 1957 No further
implantations hdve been performed in humans suggestlng that the first
casehtn 1969, however adventuresome may have been-premature.

The past three years haVe y1e1ded severaT 1mproved

art1f1c1a1 heart de51gns with. extended survival- t1mes Three
Amer1can groups headed by Akutsu, DeBakey and Ko]ff have all

“reported surv1va1 t1mes in excess of 100 hours in ca‘lves.[54 55, 56,

|57, 58, 59, 60]
Akutsu S. des1gn is a b1ventr1cu1ar sac-type fabricated

62](1’19 1. 14)

A

of Sitastic L6

[

ﬁhhﬁdﬂuL

, G
uhnuhnhﬁﬂﬁnhuﬂ

€.

v

Fig. 1 14 A1r-powered b1ventr1cu1ar sac-type

S artificial heart made of Silastic.
. . Calves were kept alive for 247 hourS'
7 with the device. : ‘
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[55]

vA1fHough most of his 1mp1antation§ have taken-place in sheep,
more recently, he has reported surviva1 times of up to 247 hours
in calves. [59] They experienced complwcat1ons of infection and

breakage of the device.

DeBakey's group havéyreported survivals up to 124 hours in

calyes with a biventricu1ar diaphragm—type design.(Fig, 1.15)

Fig 1 15 D1aphragm-type design made of S11ast1c and
~acrylics. The inside is lined with dacron
velour. The heart has _pumpgd. for 124 hours

ine ca]ves.

Their.pumps-are.fabricated of acry]ics andesi1icone rubber; and,areh‘
1ined op the fnside Witﬁ dacron‘velour. Tﬁey haVe cited‘majof |
-prob]ems of b1ood trauma, c]ott1ng, pump des1gn, pump failure and
p;pump contro] [57] o | o

| Kolff's group have estab]ished a wqud s record for tota]

| artific1a1 hearz/rep]acement of- 264 hours[60] in a calf. Their

' d8519n is a Silastic biventricular device with hem1spher1ca1 ventr1c1es'-*’%

: 1ncorporat1ng d1aphragms [s6, 63](F1g 1. 16)

i

\}‘-w""‘ \
~
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/Fig 1. 16 World record sUrv1vals of up to 264 hours in
calves have been reported with this air-powered
silicone rubber artificial heart w1th hemi-
spherical ventricles. :

[58]

In some_caSes their heart has been lined with dacron fibrils
. ’ ' [60]

;-or‘nylon“velour and sometimes seeded with living fibroblasts.
They have reported major prob]ems of disseminated intravascular
coagu1atlon, pu]monar9;1nsuff1c1ency, renal failure with infarction,
}1nfe¢t1on asc1tes edema and hemo]ys1s [58, 60 64, 65]
| These three most successfu] des1gns have a]l been powered _

_by an extracorporeal Supp]y of compressed a1r'ut111z1nq Starling's

'75“r-egu]atmn[6 1y to prov1de a form of inherent regulation of cardiac

2 B3

('.h“output[67 68] dependent upon venous return alone. A]though nuc]ear

. 'ipowered totalTy 1mp1antab]e dev1ces have been descr1be

d[69, 70, 71, 72]

d{ff[fthey have been of the ass1st type and have not been utilized for tota]

# 2 heart rep1acement

Much of the 1mprovement in surv1va1 t1mes and in. art1f1c1a1

u'-_ heart funct1on has been due to s1mu1taneous developments in mater1a1s

S for prostheses, contro1 mechan1sms, power supp]1es, and surg1ca1

” ;procedure

A]though the 1onger surv1va1 t1mes have 1ntroduced seem1ng]yf.'

d [55, 56; 57, 58, 73 74]

t>_new problemsvto be so]ve they are still

e
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intimately associated with inadequacies of heart desfdn, heart
materials and heart control.

1.3 Justification for Artificial Heart Research
( .

3

Heart Disease Mortah'ty‘ Rates' . ' ) :

In Canada, more peop]e die from heart disease each year

“than from any other cause. (Fig. 1.17)

MAIN CAUSES OF DEATH, 1931-70

(RATE PER 100000 POPLL AT ION)

HEART Di5EASE

CARCER

100 INFLUT NZA, BHONCHET 1S
AND PNEUMONEA )

~
~ ,r\(( ACCIDENTS

TUHFN(U[ (A

(lelulgjtul1141‘11;11"1»1411-*'*: + e e — \
e Casn 1940 133 L e Dy 1962 197¢ !

Flg. 1.17 Heart disease is the maJor céhse of death
among the Canadian popu1at10n.

&

In 1969 f0r examp]e /76 664 of the total 154, 477 deaths in Canada
_ were attr1butab]e td heart d1sease.[1J These stat1st1cs 1nm]&\that
: 1f heart d1sease goes unchecked one out of every two Canad1ans can

\.

expect to d1e w1th it.

C1ass1f1cat1on'of Art1f1c1a1 Heart Dev1ces 4
Three c]ass1f1cat1ons of art1f1c1a1 heart dev1ces wou]d be

requ1red to return al] acute and chron1c heart dlsease pat1ents to

o

. . AN
J‘F h
- v
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a normal life.

t'C1ass I.‘ Firstly, an emergency'rép1acement for the myo-
cardial funotion of the heart would be required. The device onéd
have to be applied within four m1nutes by 1ay persons outside- a
'hea]th care institution with a minimum amount of eQU1pment [75]
The purnose of the device is to perm1t the many patients with card1ac
arrests outside hospitals to be transported to a hospital alive.
Externatheart°massage with mouth-to-mouth pulmonary resuscitation
performed by trained 1aymen will meet these requirements. The use
of th1s technique by highly sk111ed personne1 in hosp1tals has
demonstrated that 1t can sustain 1ife up to several hours in the
event of a complete cardiac arrest without res1dua1 brain damage [75]

In the event of cardiac arrest during an open -chest surg1ca1

}procedure the c1rcu1at1on .may be maintained in a s1m11ar emergency
fashion by direct heart massage. Patients whose hearts did not
recover comp]etely from the emergenoy support would require a Class II

[

device. »

~Class TE. A Class 11 device would be requi;red by those
patients hav1ng heart d1sease from which they can recover but whose
' hearts need support for from a few hours to severa] days These
dev1ces could be used not only in cases of pr:mary heart dwsease but
fa]so 1n cases where the heart is a secondary factor as in. some
_ resp1ratory 1nfect1ons and surglcal shock. [75]
These dev1ces cou]d be e1ther 1ntra corporea] or extra-

| ;corporea] with beds1de power sources and contro] dev1ces They

‘would need to rep]ace on]y part1a1 funct1on of the natura] heart



~,'vrep1ace the d1seased heart w1th1n the per1card1um

\’\ “ 20
In the event that the pattents own heart did not recover
 sufficiently during the utilization -of the Class 11 assist_device,
it could be employed until the patient could be transported toa @ —
hospital where a Class III, permanent replacement heart could be -
obtained and 1mp1anted In a similar manner, the Class II device
could be used to maintain the Tives of chronic heart.disease patients
' awa1t1ng a permanent replacement.
At present on1y 1ntra aort1c ba]]oon pumps are sat1sfy1ng

some of the requ1rement5»of a Class IT dev1ce. They are being

employed in several Amer1can Hosp1taﬂs for the treatment of cardio-

gen1c shock for perlods up to 120 hours. Ig 76, 71, 78] The pumping

duratlon of these d;”" mhy1ted by their thrqmboembollc potent1a1.

Class III.[ }ermanent rep]acement hearts wou]d be -

‘required by a11"pati} ;‘1ng acute d1sease whose hearts cou]d

not recover suff1c1ene_ _g the per1od of ass1stance from a C]ass

- AN

11 dev1ce and by those ' ‘nts with chron1c heart failure. The ,,Jfﬁé

rep]acement-heart wou]df f to be totally 1mp1antab1e w1th1n the

body and wou]d have to f ;1de the host w1th enough card1ac output for

- a norma1 11fe It 1s j ;onab]e to expect that the new heart shou]d

A

At present only the card1ac a]]ograft can pr v1de the :

e\;,-mechan1ca1 requ1rements of a C1ass III dev1ce._ Heart transp]antat1on

is however, burdened by severa] 11m1t1ng factors. the procurement :
-of donor organs, the storage and preservation of the t1ssues, and

the homograft 7e$ponse to reJect the a11ograft [79] The alternat1ve

‘to a transp1anted heart s ”‘*course an art1f1c1a1 heart



The Effect of /Cardiac Allografts Upon Artificial Heart Research5?fQ

i
i

'To/some people, the necessity of the artificial heart and
the justification for further research is'pendipg upon the as‘yet
undetermined success of the biological heart transplant. ue believe
that this is not ‘the case. ' There are,two possibi]ities;vthe a]]o-
grafting technique n111 prove to be either widely acceptabje,or not-

If proved accept;hle an artificialfheart could play the
'1mportant role of susta1n1ng the 11fe of a prospect1ve host while
wa1t1ng for a donor heart of su1tab]e t1ssue type and compat1b111ty
This temporary support wou]d aid in donor selection and wou]d protect,
other vital organs of the.body‘that sutfer so'great]y during the
failing days of the host's native heart. This. type of artificial
heart would in effect be a sophisticated -iong term“G]ass'II device.

If a11o afting proves 1nnacceptab1e, the usefulness of the

total art1f1c1 1 heart would be unquestionable as a dev1ce for long

‘ surv1va1 of patients suffer1ng from. 1rrevers1b1e myocard1a1 damage
7 Whereas the temporary C]ass II dev1ce could be _powered and ::
contro]]ed from a beds1de modu]e the 1ong term dev1ce would have to
"be ent1re1y 1ndependent of extracorﬁorea] components , It*may be
V“argued that un1ess an attempt is. made at 1m/1ant1ng the ‘power and
":;contrpl dev1ces, the prob1ems encountered are not cr1t1ca1 enough
'rrto Just1fy research We do not be11eve th1s is so. The success of
A\

B past and present exper1menta1 1mp1antat1ons of art1f1c1a] hearts

,fboth w1th and without 1mp1antab1e power sources are 1§m1ted to

'ff rec1p1ent surv1va1 t1mes measured in days Both types of prosthes1s‘

-are faced with the same bas1c problem, that of" adequate]y dup11cat1ng -
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the pumping characteristics of the natura] heart without causing
pathological changes within the host. The existence of this
extens1ve unsolved problem certainly Justifies cont1nued art1f1c1a1

heart research utilizing extracorporea] power sources.

s *
.Unso]ved Problems in the Total Artificia] Heart

In his Presidential Address to the American‘SOC1ety for -,
Artificial Internal Organs in 1961 Kirby expressed great optimism
“in the solution of problems re1ated to the artificial heart: [80]

"The successfu] construction and
. : 1mp1antat1on of an antificial internal,
’ heart is going to be a reality much
- ' sooner than the most optimistic among
us believed seven years ago. We
have all the know how that is required,
from the surgical, physiological, and
’ engirieering standpo1nts Many details
must still be worked out, but these are
mere]y a matter of time and money, in ' VI
my opinion...With adequate funds, and ,iz'
the concentrated efforts of highly
skilled surgeons, physiologists and
. engineers, it seems- almost certain’
that an artificial heart suitable for
~implantation in pat1enzs could be.
- developed w1th1n two to five years."

RN

"A]nost“a full decade 1ater in*1970 Ko]ff addressed the

.. Same soc1ety w1th his views on “Art1f1c1a1 Organs in the Sevent1es" [8]]

K

;”,Ko]ff fe]t that very ]1tt1e 1mprovement was c1ted in art1f1c1a1 hearts

~ from 1965 to 1970 but that the seventles had a br1ght future

‘;Unfortunaté1y, the hoped for "adequate funds" Suggested by Klrby 1n I
1961 never appeared and Ko1ff fe]t that not on]y the progress of h1s

R'fown group, but a]so of others was great]y thwarted by the "marg1na1"’-'

'contr1but10ns of the Nat1ona1 Heart Inst1tute Ko]ff d1d pred1ct

- that an “art1f1c1a1 heart w111 tota]]y rep]ace the human heart " but ’.

' , D

P L T AL
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noE“in the short year§ that K{Yby had predicted. He even suggested
that1the'artificia1 heart might hot be made in his or his |
confemporaries t1me . |

It is not so strange that the predicted date for an adequate
artificial heart has been set farther into the future. When *Kirhy .
spoke, very little was known of the‘probiems‘that 'ou]d:be,assgciated
with totaT artificia] heart replacement. As the sufvi\g] times‘
"have increased over the years, so have the comp11cat1o%ii Investi-

gators now realize the complexity of.the comp11cat1ons, which we

e

‘Be11eve}may all be related to a smatl number of basic inadequacies
o / )

common %p all-artificial "heart designs, materials, and control

systems. ~ We shai] name these inadequacies "1imitiqg factoré."
The Need for Clear Definition of Problems

e When this project was begun in 1970 it was apparent that

¢ problemsﬁassoéiated.with total artificial heart replacement in animals
were at best loosely defined. Experiments appeared to be performed

with an Aften "trial and error" attitude. In most cases, reports /™ &zﬁ}'

inp]udéd only animal survi}gT'times,and samplings of plasma hemog]objn.’

The detérminétion of "surJiva]“ was occasionally a moot point with
. . - i p
‘ . .t ‘o . o _
- some experiments being no' more than the perfusion of a cadaver. There
, , )

exisBed’a néed for'experiments to be performéd'wifh a suitable,
1yp1ca1 desﬁgn artificial heart conducted in a systemat1c manner .

/r1nc1ud1ng extensive b1ochem1ca1 ana]ys1s and" post -mortem’ exam1nat1on

)

to exp11c1t1y def1ne the associated,prob]ems or 11m1t1ngvfactors.
’ ' : o »

From an analysis of these limiting factors. a suitahle set of design
criteria cou]dfbe offered tdlinvestigators.embarking upon this field

) 2 ’
. L
) Gl
. T
E



of research. The identification and analysis of problems related to

experimental total artificial neart replacement was the aim of this

project.

1.4 bivision of Phases

When the project begaﬁ we believed that for an effective

~artificial heart program, the project should be divided into three

phases. ‘

\ - .
Phase I was to include basic design considerations of a

‘su1tab1e ar;1f1c1a1 heart, dr1v1ng system, and test1ng apparatus.

Mater1als and fabrication.methods would be deve]oped and the basic

design heart would be tested in vitro to eva]uate its performance

-
.-

Vvl . ) .
4 L
v . R '

K ) .

character1st1cs. L o ‘ , ;

‘ Phase II would consist of a number of pilot animd]
experimentsuto develop the deéign configuration for imp]dhtation.
Suitable species of animals would be chos@n, the surgical techniques

o~ .

would be developed and accessories such as cages and monitoning
deviEes would be consﬁrdctédw it wgs,expegted,that,?hage IT would
be the 1dngest and would represent many changes in the pump design,

manufacture and surg1ca1 techn1que |

Once the art1f1c1a1 heart and implantation tedhn1que was

standard1zed a ser1es of 1mp1antat1ons would be performed to
eva]uate the "11m1t1ng factors." The final Phase III would include
a. systemat1c study of most b1ochem1ca1 and phys1o1og1ca1 systems .

before, dur1ng and fo]1ow1ng support of the experimental animals”

circulation with the total artificial heart.

24
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_CHAPTER 11
PHASE 1 - PRELIMINARY DESIGN TOTAL ARTIFICIAL
HEART, TIMING AND DRIVING DEVICE, AND
TESTING EQUIPMENT.

2.1 Preliminary Heart Design

‘Design Criteria

For the artificial heart to mimic the function of the
natural human heart, the following minimum physiological and

physical requirements were established:

A

two separate pumps duplicating the
left and right hearts

atrial pressures of 0-16 mm,Hg

. output range of 5 to 10 Titers per
N minute from each side

aortic arterial pressure range of
120-180 mm. Hg v

pulmonary arterial pressure range of
20-80 mm,Hg , ‘ \

Tow weight to minimizé restraints

a minimum of noise and vibration

a heat output of‘leﬁs than 25 watts

a low degreé of red biood cély hemolysis

) _ cohpatibi]ity with body chemicals //’\\\

a suitable control mechanism. (Fig., 2.1)

25
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5-10 LITERS PER MINUTE
ey

SYSTEMIC
CIRCULATION

" 120-180mm Hg l| I 0-16mm Hg

AORTIC VALVE

RIGH,T ATRIUM
tEFT VENTRICLE

— 10
VALVE 'L VALVE ) —pp MAXIMUM

RIGHT VENTRICLE

LEFT ATRIUM
PULMONARY VALVE

0-16mmHg H 20-80mmHg
' PULMONARY

CIRCULATION

*
Q——_—
5-10 LITERS PER MINUJE

4

Fig. 2.1 Schematic of artificial heart design criteria.

‘Control of Output . | - ' :
If the outputs of the two ventr1c]es were not balanced

“either the blood vessels in the lungs or ‘those in the rest of the ‘
body wou]d be conjested w1th an. excess accumu]at1on of blood. In
the- natura] heart, ventr1c1e output is regu]ated by the pr1nc1p1e
pknown as Starling's Law whereby the output of each side of the heart
is governed by the 'degree of fL111ng of the ventricles assur1ng a-
ba]ance of flow rates ThlS type of 1ntr1ns1c control of output
balance appears mandatony for an artificial heart

1 It is genera]]y accepted that most 1f not all contro], is
done outswde the heart.. The heapt s ability tp pump seems affected

by many variables including the output nressure load, sympathetic

|
|

T 4
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and pareSympéthetic nervous regulation, heart rate, intrathoracic

pressure and myocardial damage.

The amount of blood aétua11y

pumped i5 determined by the demand foy blood throughout the body

and is reflected as p change in atrial pressure.

The funct1on curves of ventricular output and venous

return plotted by Guyton[82] demonstrate the effect of Starling's

Law. (Fig. 2.2)
A .

BN
Right ventricle
output

1()«
A

VENTRICULAR QUTPUT iters. per minute)
AND VENOUS RETURN fliters per minute)
(o <)

Left

Right

/ Atrial venous return

Left ventricle
output

’

- normal point
of equilibrium

for
REPE

o Atrial venous return

4 0 a8 12
ATRIAL PRESSURE (mmHg)
I

16 2

F1g 2.2 Starling's regulation ensures a balance of output
between the left and right ventricles.

The left and right ventricu]ar~funcf%on-tdrves display a sep§jfieity'

of output to filling or atrial pressure.

———

The output of each ventricle

“is {dentified by the intersection or so called “equi]fﬁrium point"

of the Vemik@c1e output curve with its respective venous return-curve.
. L : , :

< Il
A
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The greéter';he demand for blood, thejhigher'on the vehtric]efqufbut
curve is the equilibfium point. fFOr'exémple, duriné moderaté.exercjse,

80% of the increase in cardiac output can be attributed to the

effect of venous return. (Fig. 2.3)

M'K\ | y _ ,‘ . .

Right ventricle oufput

A - normal point of
equilibrium

B - increase*in output due
to ingreased venous return

C - equilibrium point during -
moderate exercise

12

10 1

\Moderate exerciSe

\
\

/ Vem&s return normal \_

4 0 . 3 3 2 2
ATRIAL PRESSURE (mmHg! . .

VENTRICULAR QYTPUT ttiters per minute
AND VENOUS RETURN titers per minute)
e -]

F1g 2.3 The increase in cardiac output during exercise
is mostly due to an increase in venous return.

-y

T@e equi]ibrium point moves from ﬁoiﬁi A to boiht Ci ffom 5t 13
~liters pervmiﬁuté. Clearly; most,of the increase in output~is\due -
to the greateﬁivénousreturn and only partia]ly d;e to a change in
the shape of\the output cukve,from point BitQ pbihf C. It appears
then thatva‘prosthetfc heart controlled by venous pressure a1ohe ;

would satisfactorily accommodate'the host with an aaeQUate'range of

"

pump output. 8



"Design‘Principles

The design principle of choice was that of the air-driven
collapsible sac-type. The sac-type ventricle appeahed to fulfill i
the minimum design criteria since: ) /

an extracorporeal power source eliminated
heat dissipation problems

the lack of 1nterna1 power source permitted -

’ total utilization of the limited space for -
pumping chambers which could meet the
capac1ty requirement

it appeared to be the most phys1o]og1ca1
method to pump blood with its re1at1ve1y
gentle action and normal rate

the ventr1c1es could be fabricated eas11y
with a shape similar ¢o that of .the natural
heart =\ ' N

the weight could be keot.to a minimum
- utilizing light mater1als

and it would obey Star11ng s Law, great]y

isimplifying the external contro1 and
driving mechanism required.

Design Details c | BRI L

o - AN

- The f1rst modeT heart was four-chambered and conta1ned

‘four one-way. check va]ves. (Fig. 2. 4)  The shape resembled that of
the natural heart (Fig. 2.5) cons1st1ng of two 1ndependent sides
. for e;ee of atrial anastomos1s Each side had 1dent1ca1 ventr1c]es
- but: dwfferent atr1a " The r1ght s1de had a complete1y art1f1c1a1
Jumbo atr1um prov1d1ng for direct cannulq¢1on to the 1nfer10r and
superlor vena cavae The left side had a part1a1 Jumbo atr1um
‘requ1r1ng sutur1ng to the 1eft atr1a1 remnant of the resected heart

These atria were des1gned to form large e]ast1c reservo1rs prov1d1ng

29
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for rapid ventricular fﬂh‘ng during diastole without the use.of vacuum.

Pressure

venty  }

& :

¢ ' Pulmonary
_Natttj)ra| - ‘ artery .
rubber Right

atrium 2

' — Kay -Shiley

; R ===/~ prosthetic valves
LN /

Right J . o -
_ ventricle »
. Polyurethane

-

. N Air

Fig. 2.4 Schematic of the first _svac,-typé‘ artificial. heart.
.- . K . 7 g P L - A, R .V“' . P <.

-

Fig. 2 5 F1rst model ar‘t1f1c1a] heart fabmcated of natura]
- rubber and po]yurethane. ' . _
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Vacuum applied to the atria was thought to cause air aspiration at

suture lines, and venous collapse in earlier designs of other

investigators. The pu]mohary-and aortic arterial connections

. provided for simple cannulation into the natural vessels.

The sdcs, atria and arteries were made of natural rubber.
Commereia]]y»available valves were incorporated and the semi-rigid
ventricuiar'wa11s were c1ear po]yurethane.‘ The pumps were fitted -
with vents into all chambers for pressure monitorihg, and tubes -
into the spaces between sacs and housings. te provide ports for the
driving air.

~The ventricles were considered first.ﬁ Since both ventricles
must pump equalhvolumés the_first requirement was that'they should
be equal in size. The natural heart possesses ventricles of different
shapes but apparently only to accommodate the uneeua] ve1umes'of
muscle in either side so that it appeared simplestdto deéign both

ventricles with identical shape as well as equal volume. A very

convenient shape was that of one-half o‘ a semi-prolate ellipsoid

.such that when placed with their flat sideS-butting, the ventricles

assuméd a form very similar to that of the natural ventricles

: 1nvolJ1ng no sharp corners or obv1ous c]otform1ng stagnat1on points.

~\

It was thoug?t des1rab1e ‘as is ev1denced by the natura] heart to

- have a 1arge residual volume in- each ventr1c1e to m1n1m1ze b]ood

forces and to prov1de a reserve for extra short term output. A

large esidual. vo]ume was essent1a] in the sac-type heart to reduce

h1ghm§tresses,1n the ventr1c1e sac and to prevent blood hemo]ys1s

,ow1ng to the rubb1ng of oppos1te s1des of a h1gh1y evacuated sac.

_ For a mean card1aeﬁoutput of 5 litres per minute at 72 beats per:

e
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minute the stroke volume of each ventricle would be 70 ml. Thus
a ventricular. volume of about 120 ml. provided for a considerable
residual volume of 46%.

The atrial design had to inolude not only volume and
compliance but more critical, the orientation of their %n]ets to
accommodate the vessels to which they would be anastomosed. The
s1mp1est atrium is one that is completely art1f1c1a1 and conriectable
to ve1ns by means of quick cannu]at1on The right atr1um was
designed in th1s manner along with short vena cavae and had an
¢ internal volume of 115 ml. By examinat{on of sheep, dog and.human
hearts in vivo and ex vivo, a suitable orientation of the venous
.stuhps was established. The pulmonary veins are not so easily -
cannulated so a partial atrium was used for the left side which,
when anastomosed to the left atrial rémnant, would form a jumbo
atrium of volume similar to that of the right atrium.

The pulmonary and aortic arterieo were simulated by rubber
Stumps abouf 5 om. long and’é cm. in diameter. They tooawere

oriented to approximate with the natural vessels.

Materials and Manufacturing Details

In general, artificiaT heart materials which reside within
the body shou]d be b1olog1ca11y inert; [83] non-carcinogenic, non- .
ant1gen1c non4é1ectrolyt1c and non- tox1c [84] Mater1a1s in contact h

‘w1th b]ood shou1d also be non- hemoTyt1c and clot repe11ant [83]

- These requ1rements were cons1dered in. fhe choos1ng of mater1als for

vthe construct1on of the pump

Natura] rubber is one of the strongest e]ast1c mater1a1s
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but had for a long time been believed to be unsuitah]e for implantation
in the living body. It had since been discovered that specially
treated pureﬂnatura) rubber caused 1jtt1e tiésde reaction'and was
| compatible with b]ood.[83] Po]yuheihane, the other materié] used
in the pump construction, was known to haveoexce]lent qua]jfies -
for implantation causing no known degradat1on to the body. VtSome
stud1es[ ]‘had 1nd1cated that po]yurethane ]oses strength after

ﬁ;rs

many months 1mp]antat1on but remained as a very useﬁal plastic for

short term applications.
The,manufacture of a complete bump involved many‘stages

~which shall be discussed in .their chronological order. The ccre

of the pump was the rubber 9ﬁ&mﬂnch formed the ventr1c1e bags,
necks; atria and arter1es for each side. The sacs were thin and best
made by dipping a male fofm several fimes into'iiquid Tatex. ‘The
prototype sac forms were hand carved frcm«blqcks of pink dental wax
and smoothed with a flame to apprdximéte the desired shape. The
impfessionS'of’these forms were mace in room tempereture vuTcanizing
ribber which produced reqseble female molds for‘castihg of male
paraffin Wax forms. These male forms were the same shape as the |
‘prototype but could be custom1zed to accommodate various valve sizes
: by reducvng the neck size. They werq’!ext dipped from 4 to 7 times
_(depend1ng uppn_the rubber used) intoeroometempekature'cuhih§'1iquid
. 1atei;‘ EaCh—§Ucce§sive‘coatingudf1Tatex vq]caniied~cohp]ete]y’%ith |
| fhe’one’befere'producing a smeoth}uniform sac of about 50 mills

hthickness' After several days cur1ng the bags were stripped from the Co

- dip forms and each f1tted w1th two one-way va1ves The va]ves were

f1tted 1n.the‘rubber necks between atrfa and ventr1c1es_and held in



place by a simple wire cT{ lpart of the rubber into the

circumferential n9t '7 ves after removal of sutube
'cuffs.v Before appTﬂ A'ihane outer}casing the'rqbber
. _ventricles were dfpb }'perawax*up tp the necks to prevent
sticking of the fubbei¢ :qolyurethahe. The desired thickness

of polyurethane was ach ‘:itH 8 to 10 brushed on coats taking

about 5 days to apply wf 'Ur}ng periods between coats. . The'po1y-
ethylene air inlet/outle:
FoT]owing several qeys’cin i of the po1yurethane the pump was

~

~ complete. (Fig. 2.6)

"¢F1g 2 6 Pump fabr1cat1on sequence w1th wax and rybber
' ' mo]ds, rubber sacs, and f1n1shed ventr1c1es

,4

brts were added at about the fourtﬁ!coat.
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2.2 The T1m1ng and-Driving Unlg&

The timing and dF\XIHQ system must be capab]e of
delivering cempressed air of varrab]e pressure ta each side of the%
heart iudependent1y,'with e variab]e\sySto1ie and diastolic duration.
WOrking‘pressure may rahge from O to 10 PSI. and diastolic and systolic
duration shpuldirange,from 0 t:ll or more seconds to allow a minimum -

of 30 strokes-per minute. (Fig. 2.7) | , 2

/

Fig. 2.'7}:The timing and driving unit. N

The system cons1sts of pressure regu]ators, pressure :

gauges, three way air pressure p1loted so]eno1d Valves, and a

| r:'“s1mp1e vibrator e]ectron1c c1rcurt to contro] the pulses to the

- so]enahd}valves (F1g 2. 8)
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RIGHT
VENTRICLE

TIMING  CIRCUIT

LINE CURRENT

[T3-wAY. AIR PILOTED -
SOLENGIO VALVES' :

N
v

Fig. 2.8 Schemat1c of t1m1ng and dr1v1ng system

“

R The regu]ators are contro]]ab]e fr'om 0 to 15 P.S.I The d1aphragm ﬁ' ‘ ’

gauges reg1ster from 0 to 15 P.S.I. and the valves have 1arge 1/4‘

inch omﬁces wh1ch 1s lmportant tty aHow for rap1d exhaust of the
: 'evacuated ventmcles dumng d1asto1e The system is. des1gned to L ,. %
‘accept any source of compressed a1r supp]y between 15 and 300 P. S-'I

Systo]e and d1asto1e are each vamable from 0 to 2 seconds (F1g 2 9)
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Fig. 2.9 Electronic ci,r;éuit for timing unit.
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g
2.3 The Mock Circulations

The Vital Assists Inc. mock circu]étipns‘consist of multi-
columnar plexiglass tanks capable of producing variable in]et‘
(atrial) and outlet (diastolic) préssures, and to some e;tent a
variable capacitance.}.The atrial pressure ig a&justed by merely

adding or removing fluid from the test chamber (Fig. 2.10) allowing
‘ o

a variation from -8 to +24 mm Hg.
! ° <™\

F1g 2. 10 A mock c1rcu1at10n unit w1th ‘the 1eft ventr1c1e
pumping.

’D1ast011c pressure is adJusted by pumping air in or out of vert1ca1
chambers which varies the differential in f1u1d 1eve] from one’

chamber to the next; the total pressure being the summation of all

differentials. By employing many colymns it is possible to produce

a Béck pressure of 100 mm.Hg Jn a chamber only 60 cm. high;* Flow |

rate is-ﬁ;qShred by an orifice meter ca]ibratéd to indicate liters

QQfE:minuté. The thamﬁers for right and left sides difféd on1y~in the
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nhmber of columns; the right side having two columns a]lowihg pressures
from 25 to 50 mm.Hg and the left side having four columns e1lowing
pressures from 25 to 100 mm.Hg. Both.chambers were designed to

fit together allowing a cross- over of outlet pipes from the r1qht '

to the left side and v1ce5Vehsa. This connects the chambers in series
~with the r1ght side represent1ng the pulmonary circutation and the

left side representing the systemic c1rcu1at1on. (Fig. 2 11) - With

an interconnected test device such as this the effects of a change

in pressure or flow rate on one side can be examined gn the other.

!

H1H18
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+
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Fig. 2.11 The test bed for in vitro performance tests
© with Teft and r1ght mock circulations
connected in series.
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2.4 In Vitro Performance Characteristics of the Pump

In vitro performance tests were conducted with the timing
device, mock_c{rculations, and pressure transducers connected to
a chart recorder and oscilloscope.

With a constant frequency application, the durations of
diastole and systole are fixed. The stroke volume of the pump is
then governed by the degree of filling of the ventricles. The
greater the inflow of blood; the more complete is the filling of the
ventricle énd therefore; the greater'is thevoutput.

The pumps produce function curves with characteristics of

the natural heart. (Fig. 2.12)

|O 1 T 1 T T L T 1 T LI
9 [
e o8 f
=2
£
3
7
m.
d
Q.
o 6
@ (o
W
S 5 . LEFT SIDE .
- DRIVING PRESSURE 5 PSl
5 4 DIASTOLIC PRESSURE 90 mm.Hg .|
a .
= DIASTQLE 047 SEC.
° 4 SYSTOLE 028 SEC. |
[+ 9
3
a 2 -
, ~
O el 2 L 1 1 i b ‘l -

6-4-2 02 46 81012 4 61820

ATRIAL PRESSURE (mm.Hg)

Fig. 2.12 Function curve from a 1eft ventr1c1e show1ng obeyance of
~Starling's Law, ' ‘ .
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In this manner, the pump and driving mechanism exhibit an obeyance to

Starling's Law, insuring a balance of the output of both ventricles.

For an example of this mechanism, an increase in atrial pressure in
the left side of the mock circulation increases the output of the

left ventricle which in turn provides the right ventricle with an

increased fi]]ing‘p?essure, cauSing its output to come to equilibrium

with that of the»]eft ventrié1e. The response is rapid and should

effect equilibration of ventricular outputs in vivo,

The optimum pump rate is one providing both high sensitivity

of output to filling pressure and acceptable maximum output. {Fig.

L

Fig. 2.13

(LITERS PER MINUTE)

PUMP QUTPUT

P

DIASTOLE
0.47 SEC.(63%)

80 / MIN.

/_/DIASTOLE

/ 034 SEC (55%)
S0 / MIN.

/
f—--—-a——ay—
/.-«r\ O sl

/ DIASTOLE 159 SEC
/ (85%) 32 /MIN

-

LEFT SIDE

' DRIVING PRESSURE 5 PSI
ATRIAL PRESSURE 10mmHg

DIASTOLIC PRESSURE 80 mmHg

SYSTOLE 028 SEC.

6 4 2 0.2 4 6 8 10 12 14 16 18 20

ATRIAL

PRESSURE (mmHg)

2,13)

The sensitivity of the funétion curvé changes when the rate

is changed. The optimum rate is 80 beats per minute with-
a diastolicssystolic ratio of about 2:1. i

u
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Too slow a rate results in a reduction in'output due to idle periods
following complete diastole and systole. Too fastea rate allows /ﬁ
only partial filling and expulsion of ventricle contents, reducing
sensitivity to fi]]ihg pressure, qu these pumps, the optimﬁm
rate Qas 80 beats per minute,Awith a diastole of 0.47 seconds and
a systole of 0.28 seconds (37% of cycle). b

The pumps together weigh 230 g., occuRy 650 ml. of spacer
and have veﬁiricular volumes of 120 ml. as compafed to the average Y
human heart of 300 g., 700 ml., and»]]S’m]. reépective]y. The pumps |
produced no heat and a td]erab]e level of noise and vibration,

Pressure &ave forms measured from the left atrium, Qentric]e

and aortic artery of the pump &gsp1ay features §imi1ar to those found

in pressure recordings from normal animals. (Fig. 2.14),

o) R p A ' AR D
Ao A
L4  gngnd v
»)
X ‘
M‘w )
L]
DR . RO N, A AR

F1g 2.14 Pressure record1ngs from the chambers of -an
' “artificial heart on the mock circulation.



43
2.5 Summary , \

Duriﬁg Phase I, a preliminary:design pneumatically driven
sqc-tybe artif%é¥a1 heart was fabricated and tested with a suitable
timing device*égi mock circulations. The heart would pump up to
- 11 liters from_each side and demonstrated function curves responding
to Starliné's Law. The basic design was then ready for modification

to facilitate orthotopic transp]antation in experimental animals.



CHAPTER 111
PH%?E,I& - DEVELOPMENT OF THE PRELIMINARY. DESIGN ARTIFICIAL
HEART FOR IMPLANTATION IN EXPERIMENTAL ANIMALS

Through continued in vftro testing and pilot implantations,
the prg]iminéry design wés expected to evolve glohg with the
deve}opment of surgical technique, heart materials énd fabrication.

In all, twelve different mode]s of artificial heart_héve
been fabricatedand tested:in vitro. Nine models have been tested
in v{vo in 43 implantations in dogs, pigs and cajves} The following
.is a br%ef summary of the design fegtures; fabricatioh methods

and performance of the developmental models. N

3.7 Model Mk II
The first‘m3q51 to be 1mp]anted was similar to the pre-

- liminary des1qn‘w1th ‘the addition of su1tab1e connectors. .A~doub]e
layer ny]on ve]our suturing cuff was st1tch§d to the left atr1um
with a layer of 51]1cone rubber between\the atr1um and the cuff
Sta1n1ess steel barrels were turned and po]1shed to. fac11vtate
connections of the arteries and vena cavae to.the,natura] vesse]%. |
Pressure ‘vents we}e made into both atria and arteries and KéyAShiley

valves were fitted. (Figi 3.1)



g -

Fig. 3.1 MK II. First implantation model.

s

There were some dfta11 changes in the fabrication. In
vitro endurance test1ng of .the pre11m1nary model led to cracks
‘appearing in the polyurethane outer casings along the flat back
sides and éround the va]ve'necks. These areas were strengthened in

the Mk 11 model by‘a 1amihation'of g]ass‘f1bre.mater1a1. The mo]ds

were also a]tered to givé[slightly more Cross-over to.the pu]monany

~and aortic arteries.

In August and September ]970 the b1ventr1cu1ar dev1ce was

'1mp1anted in two 30 kg. dOgS :The anxmals‘were anesthetized with.

45
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bérbitqrates, subjected to a tnansnersé thdracotomy and placed on a
bubble-type heart lung bypass via femoral and neck cannU1atfons
_dunfng the implantation. ‘The dog's-heart was excised nt the atrio-
ventricular grooveland the arteries were divided close to the
vcntric1es. The 1eftyatria1 cuff wés sutured to the left atrial
remnant and the dog's arteries and vena cavae were tied over the
'stain]esé steel connectors with umbilical tape. The pressure-
monitoring vents were used to prime the hearts with blood which were
‘Enen activated. | | .

These first two -dogs died on the opernting?fgglé because of
various techn1ca1 problems. Most important of thesé was the difficulty
in approx1mat1ng the pu]monary arterial connector with the natura]
vessel and a t00<rigid left atrial cuff, causing ‘the left ventricle
to stand almost on end enentua11y tearing the left atrial remnant
caus1ng aTr a5p1rat1on and b]ood loss. (Fig. 3.2) The dogs

surv1ved for 15 and 90 m1nutes.

Fig. 3. 2 Poor fit in the chf‘ﬂﬁof a 30 kg dog due to orientation

« - of arter1a1 connectors and stiff- atr1a1 cuff

a3
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3.2 Model Mk III

The Mk III design included changes in the vessel orientations
andtin the atrial suturfng cuff. The pulmonary and aortic arteries
were made much 16nger with a greater cross-over and bénd to permit
the ventricles to lie flatter in the qééSt; The atrial sufuring
cuff was made more flexible by eliminating the Silastic filler and

was angled more toward the natural vessel, In this model, Toroidal.

prosthetic valves were fitted. (Fig. 3.3)'

S Fig. 3.3 Mk II mode] has longer arteries .
' - and a Mmore f]exible‘atrial‘cuff.

7/



_ Us:ng a s1m11ar 1mplantat1on procedure the’ Mk ITI model
\Sas 1mp'lanted in 4 30 kg dogs 1n November 1970 “The modifications
1mproved the fit and the technical appHcatmn of the pump was .

sa‘t1 sfactory . (Fig. 3.4)
LR ‘

' F1g 3 4 Mk III model in the chest of a 30 kg dog Fit was
TR ,TI . acceptable, but since ‘the animal was too small for
‘ ,ﬁ,; . -...the device, the ‘diaphragm had to be split. Dogs

s '~ had poor recovery and lived up to 6 hours. '
S e . ‘ : . . .
, (i"‘»"‘ o )
T - ;
' T;?rlon the heart-]ung machme averaged 95 mmutes Since the .pump

/ i
de51gned for human s1zed amma]s it was too Iarge to be enclosed

N

Wi th'in the perlcardlum and reqm red the sphttmg of the dMs

l

‘ 1ag)h‘ragm to aHow the pump to he flat 1n the chest and cause httIeJ

i a’je'f'“ﬁerence wi_th venous_retyrn or resplratory functwn

;r1ments, the art1f1c1a1 hearts f»/

e s r, ‘
maintfamed bIood_i
g " t& six hours. (F}

: ¢/'*;

i thin normal range for from five
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TOTAL REPLACEMENT ARTIFICIAL HEART - : ¢
NOV.19,1970 .

Fig. 3.5 Blood pressure record1ngs from a 30 kg. dog :
qfter 4 hours of pumping with a Mk’ III device.
To compehshte for.reauced‘blood flow rates in the dogs, the pumps
were‘slowed to a rate of'60 beats per minute.with a systolic:diastolic
‘Vratio of 1:3. The driving pressures were sef'at about 150 mm;Hg
“and 75 . Hg for the left and right ventricles reébecfiVe]y, and'
| required only occa51ona1 minor adJustments to ma1nta1n arterial
| pressures at the desired Ievels, Aortlc flow was est1mated at between
2.5 and 3. 0 Jiters pér minute..'In two Of,the dogs,_ blood oxygenat1on. S0
‘was h1gh and blood pH ma1nta1ned near -normal, wheréas ih.tW6 ofher 1 .
' "dogs, oxygenat1on and pH fell progress1vely be]ow ‘normal 11m1ts. In
-/aII an1ma]s there was a great 1ncrease in hem01y51s as the duratlon

"of pump1ng Iengthened After f1ve hours of pump1ng average p]asma

‘hemoglob1n ]eveIs were" Q?S mg % A maJor factor in th1s was thought

‘”‘to be ‘the fact that bIood Tost by the an1ma1 was co]]ected from the

Y

chest by suct1on and rep]aced dlrectly In all an1ma15 there was



air embolism, in some cases more Severe than in'others. This was.f,
caused by incomplete evacuat1on of a1r during pr1m1ng and by
asp1rat1on of air at the suture line of the 1eft atr1a1 anastomos1s
_None of the an1mals recovered from the anesthes1a Only the 1ast
two an1mals d1splayed signs of act1v1ty f0110w1ng‘three hours of
pumping. Both of these dogs showed signs of wak1ng up and one

-—

attempted to breathe dur1ng a change of vent11ator oxygen tanks.

' In all four cases atr1a1 pressures began to fa11 below
zero after about four hours of pumping with a correspond1ng decrease
in venous return. Intravenous injection of large volumes of f1u1ds
wou]d return the atrial pressures to normal but on1y for shorter-
per1ods of: t1me unt11 the anvma]s were 1n complete 1rrever51b1e
shock at which time the exper1ments were term1nated

3.3 Model Mk IV

| The'tourth mode1 consisted”primarity df a change in the
method‘of left atrial anastomosis. Imp1antations of the previous
mode]s a11 resulted in some degree of air embo1ism due mostly to
asp1rat1on of air at the left atr1a1 suture 11ne. To overcomé this
problem the Mk IV mode1 was f1tted w1th a ]arge tef]on r1ng wh1ch ,
dcou{d;be t1ed to a sk1rt of the an1ma1 s 1eft atr1a1 remnant TF1g 3. 6)
In add1t1on the air dr1v1ng tubes were brought away from Ry

v b'the ventr1c1e perpend1cu1ar to those prev1ous to avo1d the neceSS1ty

. of sp11tt1ng ‘the dlaphragm.s Thﬂ?pressure mon1tor1ng and pr1m1ng vents

gwere a]so moved to a h1gher pos1t1on to fac111tate more comp1ete |

‘exhaust1on of trapped air 1n the hearts wh11e pr1m1ng (Flg 3 7)

._[/‘



Fig. 3.6 Mk IV model showing teflon ring for left atrial
anastomosis and teflon valve holder in the bicuspid
position. '?urviva1 times were increased to 9 hours.

1

F1g 3.7 Moving the pressure vents to the tops of the vesse]s
‘permi tted more comp]ete exhaustion of air when priming.
New_position of the air driving tubes no lTonger
requ1red splitting of the diaphragm. )

51
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The method of retaining valves was also changed. The Kay-

¢

Shiley and Bjork-Shiley valves were first fitted into teflon

retaining rings which were held in place in the rubber sacs with the.

' 4
usual wire clamps.

)

From February 1971 until August 1971, Mk IV hearts were .:
planted in 4‘dogs, 1 pig and 5 caaves. These implantations produceJ’
many *problems and few solutions. |

The dogs used in the experiments eventually all proved to
be too small for the heart design. The chest could not be closed
without compromis}ng venous return.  None of the dogs awoke from the
anesthesia and all appeared to to}erate theAheart;lung bypass poorly,

In an effort to utilize fore human sized animals one heart
was: implanted into a 41 kg. pig. ' The pigfrecovefed from the
aqgsthesia and survived for 9 hths. %he lack of accessib]e leg
and neck blood vessels did hoWe#er make the pig unsuitable for cardio-
pu]moné}y bypass. /

The first two calf e%beriments ended in anesthetic death.

The anesthetic agent was thenﬁchanged from a barbiturate to Fluothane

/
gas. The three successful 17p1antat1ons were comp]1cated wi th poor

bypass flow rates. f .\\

\\a
The new method of left atrial anastomosis of the Mk IV model

did eliminate the severe air aspiratibn of earlier designs, but the
hard teflon atrial ring caused comprom1se of the pu]monary ve1ns,
resu1t1ng in poor venous return to the Teft side and concomitant-low

cardiac output.

A1l the anima]s.eXperienced Tow blood oXygen tensions,

Fs . T



hematocrité and blood éH. In most cases plasma Hb. levels were in
excess of 100 mg. %. The animals were usually sacrificed when
diastolic arterial biood pressures approéched Zero,

In this series of imp]antations, as before, the\animals
were kept anficoagu]atedjwith Heparin. As a result, Qost-operativg
b]eeding was usually a major complication.. v

Although the left atrial tying ring was qdﬁckﬁand easy, to

¢

install, the Mk IV heart was abandoned because. of the severe problems

of inadequate pulmonary venous return.

3.4 Podel Mk V

In an effort to e]iminate the problems of poor venous return
~ caused by the previous des1qn the Mk V model included a change in
method of ]eft and right atrial anastomosis. Each artificial atrium

consisted of a dacron graft and nylon velour suturing cuff. (Fig. 3.8)

dacron -raft and ve]our cuff.
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Sewing in a cuff on the right atrial remnant permitted the
use of an inferior vena cava venous drain via the right atrial
appendage which enhanced bypass flow rates. It was also hoped that
the softer artificial atria would reduce venous cémpression.

Since the use of sutured atrial cuffs required.the reversad
of Heparin anticeagulation with pfotamine sulphate to prevent bleeding
at the suture line, the arterial connectors were also changed to
teflon from stainless steel to afford better antithrombogenicity.:

The Mk.V heart was implanted in 3, 60 kg. calves during
‘vaember'1971. For the first time, cardiopulmonary bypass flows
exceeded 50 cg/kg/min.ldue to the improved venous drainage. One of
the animals recovered fully from the anesthesia (Fig. 3.9) and attempted

to stand on several occasions.
' Q

Fig. 3.9 One calf lived for 8 hours with a Mk V device until
“a.ventricle cracked, Recovery was good with

spontaneous breathing and numerous attempts to
_stand up. ' :

<

a
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She could maintain normal blood gas tensions with air-mix assisted
respiration and would breathe spontaneously unaided for short periods.
The caif died after 8 hours of pumping due to ; cracked left ventricle
permitting aspiratioh of air into the left ventricle. Two of the
’ animals died from acute pulmonary alveolar edema resulting from
accideagal elevated left atrié] pressures. |

‘Fi]]ing of the ventricles was improved, but as had been
Seen in earlier experiments, the pumping sacs operated in an end
diastolic position with opposing sac walls rubbing each other. The
rubbing of the sacs was suspected of causing the high rates of
hemolysis as indicated Ay plasma hemoglobin levels in excess of 100
mg.o. | | | |

The fit of the artificial heart was good permitting easy
closure of the chest. The air pressure driving tubes diﬂ however
cause some dif¥{§;1ty in their tositions coming through the midline
incision. Occasionally, when in a kneeling position, the calf
would crimp the pressure lines.

Although air aspiration at the atrial suture Tines was not
as prevalent as in the f1rst implantations, postoperat1ve b]eed1ng
| was st1]1 a maJor concern. Several d1fferent styles of suturing
cuff were tried to improve the anastomos1s but none were acceptablé.

At postemortem all 1nterna] parts of the hearts showed

%
fibrin deposits and clot farmat1on part1cu1ar1v around the va]ves N

EN

.and on the rubber surface.

3.5 Model Mk VI

Thé’de51gn changes of the Mk VI model were aimed at
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| reducing both the thromboembolic and hemolizing potential of the
device. The molds were changed to incorporate a more spherical

shape (Fig. 3.10) of the ventricles which were increased in volume
(160 cc.) affording a }arger residual volume at end diasto]e,reducing

the possibility of opposing sac walls rubbing and causing excessive

hemolysis. (Fig. 3.11) (Appendix A)

" Fig. 3.10 Mk VI model with more spherical

: ventricles and brass connectors for
air driving tubes, which would pass
through one side of the heart.

~
.
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\

Arterial

Bjork-Shiley pressure vent

Pre-biolized
natural rubber

Kay-Shiley
prosthetic valve

/ )
Atrial /

pressure vent

Teflor; valve holders

; Fiberglass
'Ffllg:::riﬂe —— reinforced
polyurethane

Fig. 3.11 Schematic of the Mk VI model.
New teflon valve holders also served as connectors to the

dacron atrial cuff_s, (Fig. 3.12)

holders used to connect atrial cuffs to the

Fig. 3.12 Teflon.valve
o " ventricles.
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One of -the major changes was the use of’a special prebiolized
natural rubber incorporating bonded Heparin and ge]étin on the surface.
In vitro the prebiolized rubber proved to be up§to 10 times less
thrombogenic than natural rubber a1§>ﬁ. (Appendix B)

" To avoid the complication of crimped air driving tubes,
brass air tube ¢ nnéctors were fitted to the hearts allowing the tubes
to be passed through one side of the chest instead of through the.
mid]line incision. i /

Since this model was the first to incorporate a éﬁange in

ventricle volume it was eXpected to produce a different function curve

~and maximum output. (Fig. 3.13) The maximum odtput was increased to

13 liters per.minute.

Mk VI .
Driving Pressore 4 P.S.1.
147 Diastolic Pressure 90 mmHg -

~ Rate 80 per munute /____,

12 1

10 1

" PUMP OUTPUT (Liters per minute)
oo

VEREE D g 12 N
: ATRIAL PRESSURE (mmHg ~
Fig. 3.13 Function curve for the Mk VI artificial heart.
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From November 1971 until March 1972 the Mk VI models were

implanted in the chests of 8 calves. - (Fig. 3.14)

b

Fig. 3.14 The art1f1c1a1 heart fits we]] in the chESt
of an 80 kg. calf.

Survivals ranged}from 4 to 33 hours. The four Iongest survivors
were 18, 27, 31 and 33 hours. By that time the surgical procedure
was becoming standard1zed and the longer survival times were focusing
attention upon postoperative care. Three'imp]antations were performed
under hypothermia without cardiopulmonary bypass. - A1l three calves
experiencing thisbtezﬁhique wefe sacrificed due‘fo poor'recovery and
]owmcardiac output. (Apbendix c)

3 To faci]itéte*better postoperative control of the -animals
‘ which wdu]d frequeﬁt]y attemp&;to stand, a specia]]y desighed(cage 7
"was fabricated to support the an1ma1 and dr1v1ng mechan1sm (Fig 3.15)
With only head bars restra1n1ng the an1ma1 10ng1F-iL:a11y it was free

to move up and down at W111 (Fig. 3.16) . 0



N '

Fig. 3.15 Cage desigred to support calf and control mechanism.

TIMING DEViCE ) |
¢ i ZAlB RESPIRATORY
. » ~ SUPPORT AS
REQUIRED
%
Ji - PRESSURE
21 ; RECORDER
CHEST DRAIN
TO SUCTION

PUM
BLADDER CATH. UMp

.. 4

Fig. 3.16 Head restraint bars p®rmit calf to stand-up without
) Weterference. “Calves with Mk VI devices lived for.
up to 33 hours. o ‘

. 60
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To improve ventricular filling the timing device was modified

to utilize slight vacuum during the diastolic phase of pumping. {Fig.

>

3.17, 3.18)

Fig. 3.17 The timing device was modified to utilize slight suction
to the ventricles during diastole. '

, SRR DR R A SR
* Fig. 3.18 8-10 mm.Hg of suction during diastole reduces atrial ~

- ' pressure by 4 mm.Hg, increases ‘arterial pressure by l
15 mm.Hg and increases pump output by improving
've%}ricu1ar‘fi11ing.‘ SRR -

3

s
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The larger, morefSpherical ventricles of “the Mk VI model
lessened the degree of hemo]ysis and thrombosi's Sut they still
remained excessive. The proglems with' the Tonger supvivors were
becoming more of a materials nature.' Longer surv‘igs suffered

convulsions caused by thrombo-emboli and died from progressive

shock. (Figs 3.19)

Fig. 3.19 Blood pressures from an 80 kg. calf showing
~progressive shock after 26 hours pumping-with -
-a Mk VI total replacement artificial heart,

‘l

The foiipwing féport suggested that natural rubber was probably-
b

not such‘ahkidea] material for artiffcia] heart fabricationlt

1Y
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POST-MORTEM EXAHINATION OF MK VI ARTIFICIAL HEART (D MORRIS)
VENTRICLES #75 (LEFT) AND #76 (RIGHT) EXPERIMENT #7 JAN. , 1972

[v] N . N :
Following 33 hours of continual pumping, both sacs showed evidence of

elongation causing wrinkles along the curved surfaces. At first this

was thaught due fo possible "stretching" df the rubber during late

>

systole. Theoretically, this ekp]ana;ion is inva]id since the design

\

2.5 x.3

exposes the eac to a.very low tangential stress, thus' tangential
strains would not be great enough to.eause creep or yielding of the
rubbery It is more 1ihe1y that the rubber swells as a result of its
hydrophf1ic property. The rubber characteristically turns e mottled

white color and loses its translucency when exposed to water for an

extended period. When the ventricles were Bisected the sacs protruded

beyond the cut polyurethane edge indicating their swollen proportions.
As the rubber dehydrated over the course of several days the sacs
retunned to their original proportions.; The casing could be closed

with no resulting wrink]ee in the sac. C1ear1y, the expansion of |

the latex following extended exposure to_b]ood is due to water absorp- -

tion and not due to-mechanica1'forces.

~ The sacs showed no evidence of fatigue. Very minor fibrin formation-
was noted%aiﬂthe unions between va]ve housings and sacs. A single

red b]ood '-rgzwas found in each ventr1c1e In both left and right

o ventr1c1es the c]ots were f1rm1y attached to the sac and encapsu]ated’

by a very fine fllm resemb]1nq fibrin. . The f1br1n-11ke,f11m extended :

to an area s]1qht1y Tlarger than each clot. Each clot was in the

m. w1th a max1mum th1ckness oF 1 mm, ~ Fhe c]ot in the right

. nentfﬂc]é;measured 2 x 4. 5 cm. of similar th1ckness 9

é';

'd1sta1 azek of the ventricle. The c]ot in the left ventricle measured :
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cardiovascular system.
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)\

.This Tocation,is the most likely since it-is an area of Tow flow and

possible stasis. The stasis alone is, however, not the sole cause.

IFvis_most'likeinthdt the cause of the clot fo}matidn is ‘the inade-
quate antithroﬁgdgenicity of " the prebio]fi?d(hatqral ;ubbek. Although
the clots appeared well anchored to thelsurface_of the sac it is
likely that when 1drge enough they would dislodge and'bedome thrombo-
emboli. It is also possible that tﬁe clots discovered were not the

on]y ones that had formed during the 33 hours of pum01ng

These two drawbacks of natural rubber; hydroph1]1a and thrombogen1c1ty,

suggest that the matérial is not su1tab1e for 1ong term use in the

) o
. 5 . ;‘;&;’

Besidggwthe inadequacies of the natural rubber, there were

still basic probfems of organ fai]dre b1ood damage and poor venous

“return. Major target organs were the lung, the k1dney and .the bra1n

i

3.6 Model Mk VII - [ %

. : » ""::"A‘ B e . .
Before abandoning natu %1 rubber one more design was .

. fabricated in an effort to increase pump oufﬁut;v The Mk VII heart
was similar to the Mk VI.with the exception that the outer casihg

was fabricated of natural rubber instead of po]yurethané. (Fig. 3.20)

(J q
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- Fig. 3.20 Mk VII design was faby?cated entirely
from natural rubbet but could not .
generate sufficient left venmtricular /\} %
pressure. - v '
g : » : ‘ ‘ ’

The dequn featured a f]ex1b1]1ty intended to- fac111tate c]os1nq of

b
the chest With 1ess venous compress1on and to dampen the output

m \

gressure wavefor . The re1at1ve]y steep systo]10'%% of previous

. L4 -

‘designs was suspected of contributing to the predominant pulmonary

complications. . \ oo

The heant'waS-ﬁnnlented in.a 60 kg. calf iw March, 1972.

«output pressure ?ecord1nqs’were damped but the ]eft\ventr1c1e was

I

-‘unabTe to generate sufF1c1ent pressure The outer chanber uas too

~ e]astlc .. The. an1ma1 was sacr1f1ced after 7 hqurs of. nump1ng due to

Jnadequate pump’ output and poor recoveyﬁ ~-vw«m7m§um—

L
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3.7 Model Mk VIII

It became apparent that the natural rubber hearts ail
suffered from several deficiencies. They were:
handmade, requiring lengthy fabrication methods
susceptible to early fatigue failure
thrombogenic
A 1 a
and hemolytic.
The early fatique potential demanded that hearts could be
implantgd only once. Up until this time, 86 complete ventricles had

been fabricated. The thrombogenicity and the hemolytic potential

appeared intrinsic to thé material; natural rubber, and to a function

. of design; stagnation areas and rubbing of opposing sac walls.

5 e

Model Mk VIII was a orototype design intended to eliminate

these inadequacies. The basic design was an air-driven diaphragm-

type. (Fig. 3.21, 3.225 - | : . <

L

Fig. 3.21 Mk VIII air-poweréd diaphragm-type artificial heart.

. >4 I3

\



Fig. 3.22 Components of the Mk VIII design.

The diaphragm was formed on an aluminum mold from uncured dacron-

“reinforced Silastic. (Fig. 3.23)

F1q 3,23 Diaphragms were made by vulcan121ng uncured
‘Silastic on an aluminum mo]d

]
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The diaphragm passed over center from its plexiglass housing, but
would not réach the opposing aluminum chamber housing the valves.
The space between the d1aphragm and hou31ng at end diastole was
designed to eliminate direct crushing of formed elements of the
blood and td cbviate stagnation\areas. The device was fitted with

teflon valve holders, a Kay-Shiley outlet valve and a Bjork-Shiley

n‘l ~ 1
ins€v Va IVC

The heart was tested on the mock circulation producing a

stroke volume of 160 cc. and a maximum output of 13 11ters béf"“} L

J

m1nute. The function curve re]atlng to Starling's Law was. dependéﬁt
, / -
upon the thickness of the Silastic diaphragm which was eventually
established at 0.030". (Fig. 3.24)
' 1

Mk VI & MK 1X
Driving Pressure 4 P.S.I.
Diastolic Pressure 90 mmHg .
12 1 Rate 80 per minute
=
]
o £ 10 1
) :
1
£ g
=
[l ! «
2 -
3 6 A :
a.
=
e
a.
4 -
1
2
A Y 2 1
. ¥ )
‘ — h
_4 16 . (20,

ATRIAL PRESSURE (mm Hg)
Fig. 3.24 Function curve for the Mk VIII and Mk IX diaphragm hearts.

L
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The ventricle wéighed 380 g. To be adapted for implantation it would

- ~ have to be designed much lighter, more compact and with an anti-
thrombogenic tining.
3.8 Model Mk IX
The implantation model of the profgz;pe was fitted with
dacron graft and velour atrial suturing cuffs, dacron graft and
v . ) . ’ )
teflon arterial connectors and®was lined inside with a thin coating
of Silastic. (Fig. 3.25, 3.26)
. pexiotAsS
§ - PRIM}?@&.’ “TALUMINUM :
A VENT : i p N :
- IR A = ‘ N giuicont ,
T ) RUBBER
: ) a3 . : B LINING
£, % ' L& \ 7 ) N
- Ay ’ . )
!
* g ' .*4 ~- . )
i€ ) .
‘ v S" : . l" . L
1?%9 3.25 Schematic of Mk IX artificial heart.

-




Fig. 3.26 Mk IX heart with dacron arterial and atrial
\ grafts. One air driving tube passes~through
each side of the chest. This des1gn was toc
wide to fit in the ghest w1thout caus1ng
venous compress1on.

The stroke volume remained at 160 cc. and the eptimum rate at 80
- beats per. minute, but the weight was reduced to 409 g Twelve |
¢ sft7sma]1 allen screws were ussd to secure-fﬂ@ two halves together instead
of the bu]ky screw ring of the prototype o
The device was 1mp1anted in nine calves from June }972
until September, 1972 Adequatz éoontaneous breathing was’ used as a.

cr1ter1on of surv1Va1 and most an1ma15 were sacr1f1ced by the n1nfh

. _hour of pumping. ’ . - - &

"’t‘;

Ta . I '

Ay
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Comp]ication§ included poor fit, difficulty in approximating
the chest incision, venous compression, thrombosis and poor cardiac

LI S

The last five imp]dntations were cogglucted uti]izfng

removable atrial cuffs to improve the\atrial anastomosis. (Fig. 3.27)

R 4
o g N

Fig. 3.27 Removable atriat cuffs permitted a more leakproof atrial
anastomosis. .Flaps were added to facilitate pulling the.
cuff upwards when’connecting the ventricle to the atrium.
Tubes are for pressure mon1tor1ng and pr1m1ng ,

T : LN

B]eed1ng at the atr1a1 suture 11ne had a]ways been a prob]em " The

. removable cuff‘perm1tted its 1nvers1on dur1ng sutur1ng prov1d1ng

1l

a more air-tight anastomosis. - When returned- to ats pormal position,

" the cuff wés*wiréd to the ventricle.. A later model cuff incTuded

‘e

f]aps to’ pull upon a1d1ng f1tt1ng to. the ventr1c1e.

\
> . . ~ ' . . .

.3.9 ModeTMkX - S S

A]thougb the Mk IX mode] was more re]1ab]e, easier to make,'

'a ' - S 1

1

[

3
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less thrombogenic and Tess hemolytic than the rubber hearts, it was
too bulky and still prqguced unphysio]ogica} 1obking arterial pp]ses.
The Mk X\Qegr;ﬁﬁas fabricated primarily of Silastic consietina

of two concentric hemispheres, one within the other. (Fig. 3.28)

"Fig. 3.28 Unsuccessful Mk X model désigned to reduce the width .
. of both ventricles. Toroidal valves were used, )

. e - - Q 1 ‘ ,
- When placed tpgether, both sides would be much narrower than previous

‘e

designs. With on]y a steel toroidal rfhg giving rigidity to%thel

base, the output wavefqrm was damped as expected but the dev1ce

cou]d not w1thstand arter1a1 pressures and was abandoned
) .

3.10 Mode] M- XT

In an attempt to strengthen whx]e retalning the hem1spher1ca1 v

shape of the Mk X des1gn an alum1num base was subst1tuted for the

-

~Silastic base. ml.zg), .}'

N .

oo

£2 4
i

-

-
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" Fig. 3.29 Mk XI design had very-low pump output.

The pump produced very Tow outpdt and required,excessiveTy high
f1111ng pressures to adequate]y fill the ven¢r1c1e This design
\:"5' A .

L Was a]so abandoned ' ;-‘.ﬁﬂ .

3.17 Model Mk XIT .

The Mk XII design was the last to’be fabricated” and

R S X : ‘ |

; ’ o |
.1mp1anted in ca]ves Many of its features are like the prevgbus

- MK IX model except that 1t is sma11er fighter and ‘ess*thrombogenici

(F1g 3. 30 3.31) o |
By reduc1ng the stroke volume from 160 cc\to 851te: the rate

o . :
‘”cou1d be 1ncreased from 80 to 95 beats per m1nutes Maximum output

2

‘was reduced to 8 11ters per m1nute (Fig. 3.32)° The h1gher rate and
smaller stroke vo]ume appeared to flatten the syst011c HR in the(pu]se o

wave pattern 0ut1et and 1n]et vaJve ho]ders and arterial connectors

: ) 0 . o .
L . . . I «



) .
were a1$o lined with Silastic for improved antithrombogenicity.

ventricle weighs -only 135 g.

-Fig. 3.30 Left ventr1c1e of the Mk XII device show1ng
removab1e\atr1a] .sewing cuff,

-

Fig. -3.31 The Mk XII ode1 15 much ]1ghter and smaIIer than
the prev1ou

a
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wheart.

'_.fivery erect knee]wng pos1t1ons 1:19..3.33)

75

p
4
Mk X1
Driving Pressure 4 P.S.I.
M. Diaghalic Pressyre 00 mmHn

Rate 96 per minute

(Liters per minutel

PUMP OUTPUT
L=

—E

4 0 4 8 12 16
ATRIAL PRESSURE (mmMg) -

Fig. 3.32 Function curve for the Mk XII mode] w1th higher
frequency

The device has been implanted 1n four calves in Sentember,

October and November 1972 w1th sunylva]s to 33 }ours~' For these

b

exper1ments, no b]ood pressures were measured from the artificial

It was suspected that some thromboembo]1 in ear11er exoer1ments.

Y

were due tb the occasional flushing pf clotted pressure lires. ‘Only

v

carot1d arterial and central venous pressures were, mon1tored g ' B

. Two.calves d1smlayed the best oostoperat1ve cond1t1ons of - e

Botn made frequent attempts “to stand managing.

£ -
A L

" any an1mals to date.

.



F1g 3&33 Calves with Mk XI1 art1f1c1a1 hearts exoer1enced

S exce11ent hecovery and survived for up to 33 hours

One .animal sufferéd-a\prematbre death when it kicked the left ‘ \
“driving Tine which becémé disconnected from the ventricle. The |

other aniha](sufvived 33 hours and suffered a convulsion. * ': //"*»\

3212 Artificial Heart Valves' P
Lommerc1a11y ava11ab]e prosthetﬁc va]ves were used in all’
mode]s of art1f1c1a] hearts (F1g 3.34) In the ear]1er sac- type S

hearts Kay- Sh11ey, B1ork Sh1ley End Toro1daT vaTves were used

a]ternate]y  A17 these deSTgns are exce]]ent for use in art1f1cwa]

&

_W_hm__heartswdue to. ihelr_shart_excur51on JngP the ventricles. In ]ater ; —

sac type modeTs a comb1nat1on was’ occas1ona1}y -used w1th BJork~

= Shn]ey valvesf%g_Jnlets and Kay- Sh1]ey vaﬁves for outlets “The

’

Bgork :i;:;s have-a very 1ow Open1ng res1stance whlch shduld aJ51st“
pass1v ntricular. f11]1ng} The Kay va]ves are very competent

ghoa e .
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and should also assfst passive ventricular f111iﬁg by preventing

arterial yreflux.

‘
Q.

‘| . o (I

F1g 3.34 Kay-Sh11ey, Toroidal and Bgork Sh11ey prosthet1c
. heart va]ves used in the artificial hearts. . .

i h N

e

et

In performance.there was 1jtt1e'differénce between.hearts'
wifhldifferent va1ves or comhidatidns ?f va1ves The only significant
observat1on wai that the Bjork va]ves wepe ‘the Teast Tikely to |
attract thrombus)or'f1br1n formation. The .cage: of the Kay-Shiley -
valve appeared to be the most 11ke]y site for f1nd1ng f1br1n strands.
. In the d1aphragm-type hearts, the Bgork -Shiley va]ves wereu
used exc]us1ve1y due to the]r conf1gurat1on peﬁh1tt1ng the sma11est*
d1ameteriatr1a] and arter1a1 connectors The1r f]ap type des1gn is

.,4\'
N 4

also the 1east occ1us1ve of the three va]ves
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CHAPTER IV /o

. L | )
PHASE TII - LIMITING FACTORS =~ ®& . .

v o9
-

4.1 Introduction

»

In order to evaluate the limitingAfactoré of total heart

-+ : <

rep 1 a@ement a series of the last 22 ﬁmp]antations was considered with

the’ er model sac-type and diaphragm-type hearts. Four contro]

exper1ments subjecting the an1ma1s to cardiopulmonary bypass only

were conducted to evaluate patho]oglca] effects of the\surg1ca1

'procedure. The exper1ments were aimed at eva]uat1ng pu]monery_ N
;funotion} renal. function, hemato]ogicaT;ononées and vesfular responses
‘be%ofe;Adur%ng and fo]?oyjng totaj'aﬁtifigiéd neartAreq]ecement. . - e
4.2 Methods R - L -
:Surgica1 Procedure ob-. : , o | 3 ‘3 h ' /.f_

" surgical procedures , . S —

o .

An1ma1 and Presurg1ca1 Preparat1on - .
»

Ca]ves we1gh1ng between 65 and 90 kgv were fasted for %_

preoperat1ve1v a]]ow1ng on]y water and m11k to dr1nk to- prevenjlvn"

oostoperat1ve b]oat]ng Two million unlts of pen1c1111n wer g1ven\
O \ v

'1ntramuscu7ar1y to the an1ma1s every other day for one_week prwor to _

: each'exper1ment B1ood for transfus1on was obta1ned from a 1oca1

o T

's1aughterhouse and stored 1n ACD conta1ners (antncoagu1ant c1trate

v

phosphaie dextrose solut1on) to Wh]Ch one m1111on unlts of pen1cm111n'
. A» ’78., " i g v‘ | V"\b ‘47 - o - | ‘ll ‘g\l; =

.. o ‘.‘ I. - "‘\

ST ! — s



o | | 79
'per liter of blood was edded Trif]ueoromazine (0.2 mgvkg.) and

Atrop1ne 0. 02 mg/kg )were given 1ntramuscu1ar1y to the animal for

premedﬁcat1on - e : .' Y

Anesthesia

. . e 'J’& "
Th1rty minutes after premed1cat1on anesthesia, was 1nduce&¢, -

) w1th ha]/ghane A conical face mask and part1a1 rebreath1ng system

,* With 2-3% halothane and 7-10 L/mvn. of oxygen was used. (Fig. 4.1L

 Fig. 4.1 Calves are anesthetized wi'th’halpthane and oxyeei.
) . L ‘

‘fhe animal was’then placed on its,béck’on;the dperating table and an
eedotracﬁea1 tubé,wq;/inserted Before the che&t was opened anesthesia
..was ma1nta1ned with 0.5-1.5% halothane and snontaneous respirat1on ~
Once "the chest was opened, the 1ungs were mechan1ca]]y ventilated by

~an Engstrom'Respirator Medel»ZOOJ Tidal volume was set at 750 ml.

with a resbﬁrateny’rate of 18 to 20 times per minute.

L @
\ <0



EstabTishment of Cardiopulmonary Byp@ég“

The surgical field was shaved, washed with 3% Hexachlorophene
and painted with 10% Providone-lIodine N.F. The left external jdéular
vein and carotid‘artery were exposed for later insertibn of cardio-
pulmonary bypass cannulae. The. left subscapular arte;§ and vein were
éxposed, and used fe(\arterial pressure monitoring and fdr’an infusionl
11ne The chest was eﬁféred through a midtine sternotomy“ Umbilical.
tapes were passed around the superior vena cava, 1nfer1or vena cava,
azygous vein, hemiazygous vein, pulmonary artery and the aorta.
Heparin (4 mg/kg.) was given intravenously prior to insertion.of the
venous cannulae. A #28 @ardic catheter was inserted into the Teft
external jugu]ar vein and positibned in\the superiorfvena'Cava. A-
#40 Bardic catheter was inserted into the\1nfer1or vena cava
';thﬁough the right atria1 appendage. A #20 Bard1c catheter p]aced
in the'left common carotid artery was used for arterial inflow.

“Either a Bentley or a Traveno] adult disposable oxyqenator‘

o with a Sarns modular pump was used for card1opu1monarv bypass (F1g 4.2)

C.V.P. |BECKMAN
DYNOGRAPH

. P. JCHART

RECORDER

CA

g

. BENTLEY OR TRAVENOL :
ADULT DISPOSABLE OX YGEMAROR

‘\ Fig. 4.2 Cardiopulmonary bypass circuit.

07 & FLUOTHANE
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The” oxygenator and c1rcu1t were primed with 1500 to 2000 ml. of
. either 5% dextrose in water or R1nger S so]ut1on for a hemodilution
factor of 16. to 21%. Blood flow to and Jfrom the heart was interrupted
by occ]ud1ng the vesse]s with the umbilical tapes passed through Tygon
tourn1quets.~ The pump flow rate was usually 50 to 60 ml/kg/min. with
‘about 60 cm. of gravity drainage to the heart-lung machine. Total
bynass time was betﬁeen 60 end-90_mintues. During cardiopulmonary
bypass, the lungs were manua11y 1nf]ated with a pressure of 30 cm.

H50 every 10 minutes. Ventilation was reinstituted with 100% oxygen

about five minutes before the start of artificial heart pumping.

Resection of the Natural Heart
After blood flow to and from the heart was interrupted,
the apex of the heart was. grasped by a 1avge Kocher's forcep. The

left and right ventr1c]es were 1nc1sed at the apex, and the b]ood
1

in both: ventr1c1es was asp1rated (F1g 4 3)

" Fig. 4.3 Ventr1c1es/are excmsed and tr1mmed at the atrio- ventr1cu1ar
groove.

l( - ) . ’
,/ \ -



Most of the ventricular muscle was quick]y.excised.- The pulmonary
artery was_resected near the:pu]monary valve. The remaining
~ventricular mdsc]e and fatty tissue was carefu]ly excised along the’
atrio-ventricular groove. *The aorfa‘was then resected near the
aortic valve, being careful to geht]y separate‘the aorta frém the

v Ny :
right atrium. (Fig.-4.4) Perforation of the right atrial w@i] was

‘a major risk, e '

“Fig. 4.4 Posterior remnants of the atria, aorta, and
“pulmonary artery following resection of the
- natural heart. ' s T
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Insertjpn of the Artificial Heart

Before insertion the atria];suturing cuffs and dacron
graft arteries were pre-c]otted with fresh b]ood col]ected pr1or.to

hepar1n1zat1on " (Fig. 4.5)

Fig. 4.5 Pr1or to 1nsert1on the atr1a1 and arterial grafts
are pre-c]otted with fresh unhepar1n1zed blood.

A

-

The atrlaT cuffs wh1ch were separate from the ventr1c]es were: 1nverted
into ‘the’ atr1a “The r1ms of the natura] atrla and ‘the cuffs were

p then he]d together w1th four or. f1ve A111s forceps and sutured in

~a cont1nuous manner w1th 000 Mersiline. After comp]etﬁng the r1ght
and then the left anastomos1s, four‘f1aps attached to the free

: 'edge of each atr1a1 cuff were grasped by Pean S forceps and pu]]ed

upward evert1ng the cuffs to a normal p051t1on (Fig. 4f6),

o



84

~

F1g 4,6 The atr1a] cuffs are sutured in place in an 1nverted
position and then turned out ready for connect1on ‘

to the ventr1c1es

. Each ventr1c\e and atr1um vias . connected by 1nsert1ng the ventrlcle
.valve supporter 1nto the atr1a1 cuff and w1r1ng them together

;‘ (Fig. 4 7, 4 8) After both ventr1c1es were secured (Fig. 4.9) the ’;7 '

art1f1c1a1 and natura] aorta were anastomosed by ty1ng the vessels |
t‘over a rigid alum1num connect{;EfF1g 4 ]0) The natural and

"art1f1c1a1'pu1monary artery we Jo1ned in a 51m11ar fash1on. o
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F1g 4. 10 Umb1]1ca1 tapes are used to tie the natural vesse]s over -

the arter1a1 connectors

and one end of each 11ne was. attached to the dr1v1nq system of the

art1f1c1a] heart

The\dr1v1ng llnes were passed through stab 1nc1s1ons in: the chest. wa]] .

[
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Pr1m1ng and Pump1ng w1th the Art1f1c1a1 Heart
After compTet1ﬁg the anastomoses, the 11nes to the atr1a1

.‘pressure transducers were used for pr1m1ng the heart wath ACD bTood

-/

; (F1g 4, H) N

Fig: 4.1],vArtificiaT’heartvconnectiOns complete’and‘pumping begins.
| The a1r vents pTaced at the top of each art1f1c1a] ventrlcle were
. screwed c]osed after the. art1fzc1a1 heart was comoletely pr1med and

A aTT a1r was - evacuated As soon as both ventr1c1es were fuTTy pr1med

' the tourn1quets around the ve1ns were released and the aort1c c]amp
B

'removed The Teft ventr1c1e was begun at: 10w pressure and sTow rate h'
-~ The pu]monary artery c]amp was then gradua]]y reTeased and the r1ght
vﬂ» ventr1c1e was started at a Tow pressure The r1ght atr1a1 pressure

' Was ma1nta1ned above: 0 mm. Hg to avo1d the asp1ratlon of a1r through -

"?vthe anastomosas., The super1or vena éaval catheter was oTamoed and

';the pu]monary artery cTamp was comp]eteTy released The pump pressure

i _.and frequency were graduaTTy 1ncreased as card1opulmonary bypass fTow j.

N
\’ g T .
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. wWas reduced F1na11y, the 1nfer1or vena. cava] catheter was c]amped to

1ncrease the r1ght atr1p] nressure Res1dua] fluid in the card1opu1mon—

ary bypass c1rcu1t was gradually 1nfused into the -animal unti] an

- arterial mean pressure of 70 to 100 mm Hg cou]d be maintained or the

right and left atr1a1 pressures rema1ned above 0 Hg{ After the

©oanimalt $ cond1t1on was stab111zed and further b]ood adm1n1strat1on was

unnecessary, the venous and arter1a1 Tines of the card1opu1monany bypass

were removed. (Fig. 4, 12) o T

F1g 4. ]2 Imp]antat1on of a MkXII dev1ce W1th n0.~f '
e pressure mon1tor1ng 11nes S '

3 e



A

-5,‘knee11ng pos1t10n.. (F1g. 4 43)

Postsurg1ca] Treatment '

Protam1ne su]phate was g1ven 1ntravenous]y in a dose of

6 mg/kg or until the who]e blood c]ott1ng time returned to between;u S

8.and 12 m1nutes. Two chest tubes were 1nserted 1nto the p]eura]

- )

.wvth sta1n1ess stee1 w1re sutures and the chest wa]] Was c1osed in o

e [y

N
ftwo 1ayers Intermlttent heavy 511k sutures were used 1n the sk1n,

'i-tn an area where the sternum could rub on the cage The an1ma1

was transﬁerred to a spec1a11y~constructed mob11e cage 1n the I_I

. "
-f . -

g

F1g 4 13 Ca]f in. mob11e cage is ab]e to move. up and down
) restrawned on]y by head bars.v A

-1Resp1ratory ass1stance was continued as necessary to ma1nta1n i

b

iand b]ood were giyen to the an1ma1 as occaswon demanded

j space and connected to chest suct1on. The sternum was approx1mated)"”

';Q»acceptabTe levels mf arteria1‘oxygen saturat1on._ Intravenous f1u1dsci&

L ey



The four contro] exper1ments 1nc1uded an 1dent1ca1 surg1ca1
(ﬁprocedure to that used for tota] heart rep]acement exc?ud1ng only. the\’

excision of the naturaﬂ heart and rep]acement w1th an art1fr/1

-ndev1ce An average bypass t1me of 70 mlnutes was used for th

: anlmals

B1ochem1ca1 Analys1s PR ', 5h.t | Mil,:; .

Id

A]] 26 an1mals were subJected to the fo]low1ng blochem1ca1 d
tests before card1opu]monary bypass, 1mmed1ate1y after card10pu1monary b
bypass and every two hours thereafter arter1a1 and venous p02, pC02 '
and pH,, pTasma.he__g1ob1n hemoglob1n hematocr1t, platelet count

W, B C. count R. B C.

ount, tota] proté1n, glucose 1eve1 h1stam1ne ’
” o

o

1eve1, and who]e b1ood Iott1ng t1me. In add1t1on to these rout1ne

9’1_ tests, some of the ca]ves were tested for card1ac output 1act1c Py
|

aC1d, pyruv1c ac1d L D H., serum e]ectro]ytes Na . f;ﬁC1', and

"C S 6.0. T a]bum1n/g]obu11n ratio, B.U. N‘, creat1ne b1]1rub1n,'

Y

prothromb1n time, part1a1 thrombop]ast1n t1me and f1br1nogen 1evels.

\\

L r4.3-tResu]ts and PostoperatiVe‘Euentsf:dpii ~‘: E'f'}:_'pA~ ' 24/%.t-’
- The 22 1mp1antations 12pluded 9 us1ng natura] rubber hearts
9 us1ng the f1rst mode] Mk IX 81aphragm heart and 4 W1th the. 1atest'v
Mk XII d1aphragm des:gn el ' ' ‘ |
= S1nce the longest surv1vor reached 33 hours, the contro]s

that surv1ved were sacr1f1ced at 33 hours SN dv71,~,.h_ g f}.;”

The resu]ts W111 then 1nc1ude three groups W1th d1fferent

art1f1c1a1 heart models and one group pf controls.} Includlng three :fb717'

groups of heart des1gn w111 permit not only an- eva]uat1on of 11m1t1ng ca



factors'common to all three designs hut‘wiTT’a]so,demonstrate the
improvements. in results ohtadned with the newer models.
Animals with artffﬁcia]'hearts foTTowéd three distinct .

" ¢

:;patterns of postoperat1ve recovery and- behaV1or

The f1rst ‘pattern was that foTTowed by an1ma]s experfe;ctng‘

N

';;death e1ther dur1ng surgery or before the chest was- closed and !‘%

calf was: p]aced in the cage.. The usuaT -cause of death was acute

puTmonary comp11cat1ons None of these an1ma1s recovered from the :

i anesthes1a and aTT produced large vo]umes of frothy b]ood ttnged

5

puTmonary edema at wh1ch t1me they were sacr1f1ced
The second pattern of redovery 1nc1uded those an1mals that

T1ved for about e1ght hours postoperat1ve1y wh1ch were sacr1f1ced

o due t0'10w card1aC'output;vmetabOTJc:ac1dostssand secondary‘deter1ora4 o

. L,

J

S ;

W

t1on of the Tungs These"calves'wou1d wake‘up slowly but wou]d .

' rare]y make any attempt to move 1n the cage They woqu often have f,

the1r eyes open but*were d1s1nterested 1n‘act1v1t1es around them and
were qu1te 1nsens1t1ve to touch., The1r card1ac output was aTways very ;

10w be1ng Tess than 2 T1ters per m1nute . Ur1nat1on was usuaT]y n11
’é 7

/

| or very sT1ght In some cases the an1maTs cou]d breathe spontaneous]y

but wou]d not ma1nta1n a satlsfactory arter1a1 b]ood oxygen tens1on

W1thout resplratory support The exper1ments were’ term1nated When

"y

the calves entered a- pattern of 1rrevers1b1e shock w1th a W1den1ng

“':f ot the pu]se pressure a drop in d1astoT1c bTood pressure and a

progress1ve drop 1n pH and arter1a1 p02 ~] : ngf‘

The th1rd pattern of recovery was foTTdWed by those an1ma15

surv1v1ng for more than 8 hours These an1mals woqu awake from the

anesthes1a rap1d1y, WOulq soon. T1ft the1r heads and wou]d show 1nteres+ L

b
i
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in activities around them. Within the first'fewi\ours they would

develop good urination and could breathe spontaneously with at least

400 cc. tidal volume, Cardiac output was at Teast‘A Titers per

minute“and with the help of a tracheal oxygen suooly the calves

could maintain blood gases within normal limits. After about eight
hours: of pumping they‘WOUTd,begin ehewing, pass feces on occasion‘
and WQuld’a]T:hake frequegt attempts to stand up -in the cage.
Sometimes they were able to straighten thetr legs momentarily, but

none could maintain a normal‘standing position. -Most commonly,

‘they-would hold up their heads looking from side to side in a

e

kneeling position. Without warning these animals would convulse,

i

stretéﬁ%no outjthejr Timbs and ttghtening their neck muscles.
Their'é&eballs would rotate eitheriupward or downwards'or vibrate,
The convuTsions would last about one minute foT]owed.by a general
relaxation. “In some cases, minor convu151ons were followed 'by more

severe convuTs1ons of greater frequency -and durat1on These an1ma]s~

"“f1na11y deveToped metabolwc ac1dos1s, proqress1ve d1asto]1c hypotens1on

—

and deter1orat1on of pu]monary funct1on. Anlmals that d1ed from a

' f1rst major, convu]s1on ma1nta1ned acceptab]e levels 6ﬁ arter1a1

" pO2 angd b100d pressure w1th spontaneous breath1ng until the1r deatﬁs

The four contro]s foTTowed four dlfferent patterns of.
recovery, the three seen in an1maTs w1th‘art1f1c1a1 hearts and one
other.. One can d1ed dur1ng surgery from acute pu]monary edema.
One calf T1ved for 24 hours and died from metabo]1c ac1d051s Two

[

;of the calves surv1ved for 33 hours one with resp1ratory support and

‘.-'-‘6

one w1thout The dn1ma1 requiring resp1ratorycsupport exper1enced ’

5 “a very poor recovery-and convu151ons while the other recovered well

™
s
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and was éb]e tq stand unaided until the experiment was terminated.
- ‘ Tﬁe{fd]]o@jng tables summarize the major postoperative
\; events.for the 22 %bta] heart trénsp]anfations and four bypass controls.
A complete record of three 33 hoﬂr&experiments;timplantatfons with
e .

sac'and,diaphragm hearts and one control bypass can be seen in

Appendi« D. : ‘ -



TABLE I SUMMARY OF 22 TOTAL HEART REPLACEMENTS e
EXP, # ] 2 3
SEX F ' M F
WT. (kg.) 60 . 60 60
HEART MK. V, #63, 64 MK. V, #65, 66 MK. V, #65, 66
MODEL Sac Sac . Sac
BYPASS FLOW - 35-50 ~ , 37-44 34-55
(c.p./kg./min.) :
BYPASS TIME | 70 85 70
(min.) ’ ‘ : / ( ‘
)/
PL.Hb(mg.%) o |
PRE-0P. : 1 3 1
POST-O0P. gr. [+ M
POST-0P. MIN. . R ) ,
- PLATELETS
(x 10°/c.mm.) ' . '
PRE-OP. 548 300 424
POST-0P. MAX, 178 \
. 4
POST-0P. MIN, 64 .80
SKIN TO SKIN © 290 “
SURVIVAL TIME. | 6 = - <1 1
(hrs.) = - ey S
CAUSE OF Cracking of left. Occluded left air Acute pulmonary
DEATH | ventr1c1e ) pipe . edema
POST-0P, ) Good urination, Acute pulmonary
CONDITION | attempted to ‘congestion
stand - . . _ _
NOTABLE - o I " Pneumonia

. PATHOLOGY
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SUMMARY OF:?? TOTAL,HEART REPLACEMENTS (contiﬁued)

. L -
EXP. # . -4 . 5 6
e , ' ‘ R
. SEX 1 m M ) M
WT.(kg.) ©60 48 55
HEART | MK VI, #67, 68 MK. VI, #69, 70 MK/VII, #73, 74
MODEL | Sac Sac Sac ,
BYPASS FLOW | '50-66 | 50-80 52-64
- (c.c./kg./minL)] - - . B : ;
BYPASS TIME 68 64 72
(min.) | . | ;
©PL.Hb. (mg.%) o
PRE-OP. -2 2 ST
POST-0P. MAX. 37 Y A 45
POST-0P.. MIN. 17 15 o 23
. o S -
PLATELETS
(x 10°/c.mm.) ' ‘ : .
PRE-OP. . s 850
© POST-0P. MAX. 342 . 266 228
POST-OP. MIN.| 228 I 156
SKIN TO SKIN 240 270 262
(m1n ) 1 : . e
"SURVIVAL TIME | 18 - 22 7
thrs.) ‘ , ] o '
CAUSE OF DEATH |Convulsion  Convulsion . Sacrifice, low
_‘3 . : < o . . .carqiac output
POST-OP. . |Good urination, Good urimation, Poor - /|
~CONDITION - attempted to attempted to oo
T stand : stand 4 | '
" NOTABLE | Lung congestion PRenal 1nfarct1on, Lung hepat1n1zat1on.
~ PATHOLOGY €erebral thrombi = severe lung.con-
’ o gestion & edema,
. v .. Cerebral thrombi
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SUMMARY OF 22 TOTAL HEART REPLACEMENTS (continued)
EXP. # 7 8 9
SEX : Mmoo oM Mo
WT.(kg.) | . 55 . 80 .. 85
HEART . | MK. VI, #75, 76 MK. VI, #81, 82 MK. VI, #82, 83
MODEL = Sac . Sac . - Sac .
'BYPASS FLOW 50-55 50 . 52
(c.c./kg./min.) ) o
BYPASS TIME 7T 87 64
(min.) S ‘ o : ' :
 PL.#b.(mg.%) | .
~ PRECOP 6 ¥ .2
POST-0P. MAX. 108 ' 229
POST-OP. MIN. 12 15 e
PLATELETS | | o |
(x 10°/c.mm) 3 .
PRE-OP. 540 - 656
POST-OP. MAX.] ~ 230 154
POST-OP. MIN.| 50 64
SKIN TO SKIN 245 | 249,
(min.) - ' ‘
SURVIVAL TIME | .. 33 31 8
(hrs.) - L ' R
CAUSE OF DEATH |Convulsion,  Convulsion Sacrifice
L Pulmonary edema = FON : ,
POST-0P. Good urination, - Chewing, good  Poor, low cardiac
‘CONDITION . attempted to. recovery - output
K 7 stand o _ ' ) J
NOTABLE . [0.I.C., L.N}NZ\\\!D.I.C., L., Pulmonary
PATHOLOGY . -~ |Lung congestion  Lung congestion congestion :
: & edema, cerebral Pulmonary throm- B R “.
hemorrhage boembolism,
RN , cerebral -
’ R hemorrhage




SUMMARY OF 22 TOTAL HEART REPLACEMENTS (continued)

EXP. #
SEX
WT.(kg.)

HEART
. MODEL

BYPASS FLOW
(c.c./kg./min.)

BYPASS TIME
(min.)

PL.Hb. (mg.%)

"PRE-0P.
"POST-0P. MAX.
POST-OP. MIN.

PLATELETS

~(x 10%/c.mm. )
CPRE-OP,

. POST-OP. MAX.

POST-0P. MIN. |

SKIN TO SKIN
(min.) :

~ SURVIVAL TIME
- (hrs.)

CAUSE OF DEATH
POST-0P.
CONDITION

NOTABLE -
PATHOLOGY - -

Sacrifice *

Low cardiac

B3 14
n L F
75 - E 70,
MK. IX MK, IX
Diaphragm Diaphragm
50-53 40
86 W 85
, by 3
40 ST
27 . o s5,
766 - i 664
20 190
120  ag

300

6 4

Sacrifice

output, meta-

-bolic acidosis

Lung edema,
Perivascular
hemorrhage

‘Chest too ‘smatl
to cidse

]

15
M
80

COMK. IX

“Diaphragm -

¥

50-56 ' °

89

8
54

l620
42
42
1260

4

Air embolism

97

Low cardiac out-

‘put, poor recovery.

e

Air embolism, - .

liver condestion,
.. lung edema



 HEART
 MODEL

- PLATELETS .
~{x 10°/c.mm. )

~ POST-OP. MAX.

CEXP. 4

SEX
WT. (kg.)

BYPASS FLOW

(c,t./kg./mih.)

BYPASS TIME
(min.)

PL.Hb. (mg.%)
~ PRE-OP.. -

| P05T~Qg,/MAx.‘
~ POST-OP; MIN.

CPRE-OP.

©POST-0P. MIN.
© SKIN TO SKIN

(min.)

SURVIVAL TIME

" (hrs.)

CAUSE OF DEATH

e

|
\

98

i
| T - .
'SUMMARY OF 22 TOTAL HEART REPLACEMENTS|(continued)
6 I 18
Mo Moo R
82 85 10 |
MK, IX MK, IX COoMIX
‘Diaphragm ‘}Diaphragm' |  Diaphragm
4549 60 50
0 - 81 68
33 1\J,§3 | 9
. . Y]
39 37 13
C39 37 46
) i5\y/ 610 . 660 658"
200 198
200 U142
270
2 1 8
Sacrifice  :-Sacrifice Sacrifice
Post-op. 4 Poor, anoxic _° Poor recovery,.

 POST-OP.
~ CONDITION

NOTABLE’

. PATHOLOGY. -

" bleeding

convulsion

Perivascular -
hemorrhage

-

Low C.0., meta~
bo]ic-acidosis_’

Perivascular
hemorrhage, renal

~ .monary edema,
- thromboembolism -

iy

infarction, pul--



SUMMARY OF 22 TOTAL HEART REPLACEMENTS (continued)

EXP. #
SEX
WT. (kg.)

HEART
MODEL

BYPASS FLOW

- (cic./kg. /min;) -

.BYPASS TIME
{min.)

“ B
”,PL;Hb,(mgQ%)
PRE-OP.

POST-OP.. MAX,

~ POST-0P. MIN.
 PLATELETS

T (x 103)c. mm. ) 1

- PRE oP."

POST-0P. MAX;
- POST-0P. MIN.|
U SKIN TO SKIN -~ |

‘(m1n )

. SURVIVAL TIME |

~ (hrs.)
_ CAUSE OF DEATH

POST-0P,

19
M
95

MK. IX .
D1aphragm

23- 53

68

40
32

560
o2
\A ]Q0_‘/

248

Sacrifice = .~

Poor recovery,

- CONDITION  |low cardiac
R .+ output
_ o ‘,NOTABLEVf~,_Yf"Pulmonany édn- .
o ;:PﬁIHOLOGY.[ Jgestion & edema,
oo T perivascular

20

F.
.95

MK. IX
- Diaphragm

31-35

80

.41

17

448
228
100

220

Sacrifice

Poor recovery,
~.cardiac output,
-~ metabolic acidosis

Perivascular

21
F
92
MK. IX

Diaphragm

54

120

325

99-

Pulmonary gdémaﬁ“'

Tow , ' §~v

oi._

Perivascular .

‘hemorrhage, lung hemorrhage L N.N.

edema

BT R

A
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SUMMARY OF 22 TOTAL HEART REPLACEMENTS (continued)

EXP. #
SEX
WT. (kg.)

HEART
MODEL

BYPASS FLOW
~{c.c./kg./min.)

. BYPASS TIME

: (min.)

PL.Hb. (mg.%)
PRE-0P.

POST-OP. MAX.
POST-OP. MIN.
PLATELETS

{x 103/c.mm.)
. PRE-OP."

POST-OP. MAX.

. POST-0P. MIN.

~SKIN TO SKIN
- (min.)

~ SURVIVAL TIME
(hrs.). -~ .

mmsmuﬂmv

POST-0P.
“CONDITION
. NOTABLE.-
- PATHOLOGY

Y.
M
82

MK, XIT
Diaphragm

66 v

79

41
17

610

244
200 |
s

Left air line pu]]ed out :
: of chest '

| Good ur1nat10n, attempted

to stand, spontaneous

"v'breath1ng

Lung congestion‘ ,

23
M
81
MK, XIT

Diaphragm -

50

66

56
- 28

- 252

L

267

o33

“Convulsion

. -~

’Chew1ng, $tand1ng,v |
'~’,exce1]ent -

,,—

lung congestion

100

&



* SUMMARY OF 22 TOTAL HEART REPLACEMENTS (continued)

7}‘. , o ’ ]0]

EXP. # 24 - 25
 SEX P F
WT. (kg.) 74 80
HEART MK. XII MK. XII
MODEL Diaphragm Diaphragm
BYPASS FLOW 40-52 © 50-57
(c.c./kg./min.) | ~ | e
BYPASS TIME 11 78
, (min ) |
. PL.Hb.(mg. %) ’ y ,
PRE 0P, 2 8
| POST—OP MAX. - © 43
 POST-OP. "MIN, B R
PLATELETS | o
(x 10°/c.mm.) - . o o
PRE-OP. © 906 . 328 -
POST-OP MAX. | 113__ .
" POST-0P. MIN. [+ 118 3
| So e
SKIN TO SKIN 235 T
min, : AL e
( ‘.{__ | | IR e
SURVIVAL TIME 1 105 0 o
‘(hr‘S ) S » o
CAUSE QF _DEATH | Acute pulmonary edema . . Sacrifice, ...
© posT-0P.  Metabolic acidosis, Tow .
' CON‘DITION B . cardiac output -
fNOTABLE | f-Pu]monary edema, o
By PATHOLOGY : congestwn



CTABLE 1I
CEXPL A
. OSEX
. WT.(kg.)
. BYPASS FLOW

(cic./kg;/min.)

BYPASS ‘TIME
(min.) L
PL.Hb. (mg.%)

" PRE-OP.

© POST-0P. MAX.

"POST-OP;

' PLATE ETS '
(x 10°/c.mm, )

PRE .0P.
POST-OP MAX
POST—OP MIN.

SKIN T SKIN _5

(min.)-

.”,SURVIVAL TIHE a

‘ _(hrs )

"~ CAUSE OF DEATH

U UPOST-OP. -
' CONDITION

C "NorABLE"T'.-_;,
. PATHOLOGY -

MIN.

Sacrifice

only

/

- SUMMARY OF 4 BYPASS CONTROLS
L5 6
78 o 120 0

32-41. 31-35

n N

I
7. 18

582 . 180
o
FE I
B I

 W33

o

Podr, Petit mal, convul- .

. |sion, fever, no urination ™ -
T pat end

Congest1on 1n 1ower lobes

102

- Acute pulmonary edema =

Sévereiy_coﬁgested'1ungs'

_;;’s(<éj:, |



. ‘;_*‘pOST-OB.;j;" |
"’ CONDITION™ ..

_ BYPASS (FLOW
(c c. /kg /min. )

’BYPASS TIME
‘(m1n L

~ PL.Hb. (mg. %) ]

PRE-OP.
B Posr-op,*MAX,

| POST-OPﬁ.MIN}

| i,'fPLATE ETS" |
E (x 10 feimm.)

PRE-OP, -

POST-0P. MAX. |
POST-OP‘ MIN.f’ ‘

}f{'SKIN T0. SKYN
, (m1n) s

= SURVIVAL TIME
: .(hrs ) .

N .;7CAUSE OF ﬁEATH

- PATHOLOGY ';-

T .

Exéé]fehf

SUMMARY OF 4,BYPASS‘CONTROLS-(c¢ntinuéd)*"

c-7

Al

M =

-

, {' 34236

700

.\\A

3

33

Sacrifice

144

., C-8
SN

70

e

508

S

~ Convulsion -

~ Poor, stiff neck -

62. .
o3

103

’{«f;Infarcted k1dney_ _,:if..‘f:J:'
c  :8?31" embo]1 i
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4, 4 Patho]og1ca1 F1nd1ngs - Art1f1c1a1 Heart : .
‘ _ 0 . . I

Rout1ne1y, the bra1n, 1ungs, k1dneys, spleen and 11ver were

» »removed soaked in forma11n for one. week and exam1ned for patho]ogf!gl
changes fo]]ow1ng-each exper1nmnt H1sto1og1ca1 spec1mens were
sect1oned and prepared with H & E sta1n.
'Cerebral edema occurred'in all anima]s eXperiencing ailesS-
Ithan norma] card1ac output Long sopV1vors hav1ng sac-type hearts

showed m1croscop1c parenchymal hemorrhage in the wh1te matter and foca]" '

«/’

| ';;areas of demye]1nat1on 1n the gray matter An1mals surv1v1ng up to 9 '7

‘hours w1th Mk IX d1aphragm hearts showed per1vascu1ar hemorrhage. Some”,"
‘_of these an1mals suffer1ng metabo11c ac1dos1s a]so showed macroscop1c

parenchymal hemorrhage. Long surv1vors w1th both sac type and Mk XIT

' L~f d1aphragm hearts and shorter surv1vors w1th Mk Ix hearts showed both

‘ ansp1rat1on was known to have occurred a1r bubb1es cou]d be seen in’

. macroscop1c and m1croscop1c thromboembo11. In two cases where a1r

t' PV
.

, i S“Perf‘c‘a1 V955915 No hemorrhage was seen 1n an1ma1s w1th Mk XII
| 'd1aphragm/h/arts , F1g 4. 14 4 15, 4 15) o 4;; o

J'. e SARCRREN T
L B I U RTINS
. . s X . A . X e



Flg. 4 14 Parenchyma1 hemorrhage 1n wh1te matter of the ;v

bra1n from a long surv1von H & E 100x

matter offa br n. from a 1ong surv1vor._ H & E,

75x

'i;*_\‘_
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* Fig. 4.16 P]ate]et thromboembolus 1n the brain of a long surv1vor
. H&E, 150x :

&

Acute pulmonary congestlon hemorrhage, ate]ectas1s and -

' edema occurred in all animals fo]lqw1ng a short period of pump1ng w1th

any art1f1c1a] heart There appeared to be no re]at1on between
pump1ng time and 1ung deter10rat1on Per1vagcu1ar hemor\hage was.
seen_on]y in animals with Mk IX d1aphragm ‘f S. \Tn most cases
either thromboembo]i,.fibrir p]aﬁe]et thromb] and/or air embo]1
WereVSEen in pulmonary arteries. Intré-a]veoiar hemorrhage occurred

in Tong Survivors Dur1ng the w1nter months, mos t an1mals were

suffer1ng from a 1obar pneumonla exh1b1t1ng hepat1n1zat1on and

r-).. 4

ate]ectas1s of s1zeab1e port1ons of lung up to 40% of total.

(Fig. 8.17, 4.18; 4.19, 4.20, .21, 4 22)
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g

"Fig. 4.17 Typical lung from a:33 hour survivor with a‘sac-type
artificial heart showing severe congest1on -and
hemorrhage

v

F1g 4, 18 Lung from a 33 hour survivor with a Mk XII dlaphragm—-
' type art1fic1a1 heart showing 1ess .severe congestion.

/

~
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| . n
Fig. 4.19 Typical lung showing cdngé%fion,.intré-a]veo]ar
hemorrhage, bronchiolar hemorrhage, and
sludging in the pulmonary vessels. H & E, 50x

=

Fig. 4.20 Periva§cu]ar hemorrhage and alveolar edema,seen _
. in a lung from a calf with a Mk IX heart. H & E, 50x
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Fig. 4.21 Fresh thromboembold in»a~iung. H & E, 50x

"Fig. 4,22 'Thromboembolus in a:pulmonary artery~bé1ieved‘
to have formed in the right ventrjcle.

@

SN
S
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Bt

Liver A v R
A11 Tong survivors showed vacuolar degeneration of liver

cells around central veins. The animals suffering from very low

cardiac\output due to a partially obstructed:fnferior vena cava
showed acu’; ngestion. In longer survivors with sac-type -hearts
there weré'some ixed thrombi of‘hative,formation. (Fig. 4.23, 4.24,.

4.25)

Fig. 4.23 Livers from long Survivoré showeszaCUOTarr )
: degeneration.around.central veins. H & E, 100x



1

"Fig. 4.24 Some long survivors showed livers with
: centrilobular necrosis. H & E 100x

F1g 4.25 Acute liven congest1on seen in calves sufferﬁng
- from very low card1ac output H & E 75x
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Kignéy o
| In some cases the k{dnéys had hemorrhagic iﬁfagcts. 1In
mdst caéeS'glomeruli-were bloodless. Lowef‘nephron nephrosis or
shock kidney was commonly éeen, particu]érly After 30 hours 6f
‘pumping with sdc-type hééfts Tﬁrohboembo1i Qere commonly’seen in the

renal arteries and the1r branches (Fig 4, 26 4.27, 4. 28 4.29, 4.30).

Fig. 4 26 Severely 1nfarcted kidney From a 33 hour survivor
' ' with a sac-type heart. . . o



F1g. 3. 27 K1dney from a 33 hour survivor w1th a Mk XII
< d1aphragm-type heart appeared norma] ’

F1g 4 28 Typ1ca] blood]ess g]omeru11 seen 1n most o
‘ anima\s with- art1f1c1a1 hearts. H & E, 100x.

-“.."»4,

113'
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. F1g 4 29 Some atrOph1c g]omeru11 showed pyknos1s
. H & E, 100x ‘

 F1g 4 30 Lower nephron nephros1s w1th degenerat1on of tubu]ar o
' cells typifies the "shock kidneys" seen in all s
10nger surv1vors'w1th sac—type hearts H & E, 100x
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Spleen ,
Some times hemorrhagic spots were seen on-the surface of

the spleen Mlcroscop1c f1br1n nets like those seen 1n the liver

cou]d also be found.

-Other F1nd1ngs T | | "_ \

Some: hemorrhag1c spots occurred on the small intestines and

‘<

,the»serosa of the abdom1na1“cav1ty;' Ascites was a common occurrence

in experwments where there was a marked]y reduced pump output

In some cases air embo]1 have been seen 1n the vesse]s of

‘;the tongue and eyeba]]s Recta] b]eedlng has occurred on rare

occas1ons.,

General

In‘general the pathological findings are consdstent with=an"

- animal suffer1ng from an 1rrevers1b]e shock death shocked lungs, o

- ,»shocked kldneys, genera11zed anox1c ce11 damage hemorrhaglng and

‘ Patho]og1ca1 Fxnd1ngs - Contro]s ] v 'A _1;- _ ) o '.\\\\

-1n some long surv1vors, a d1ssgm1nated 1ntravascu1ar coagu]ation
"-These f1nd1ngs are a1so cons1stent w1th those descr1bed for an1mals

; dyIng from the "Art1f1c1a] Heart Syndrome "[64]

4

~.

The contro] ca]f dy1ng from acute pu]monary edema showed

T severely congested Iungs throughout The other three ca]ves had lungs_l-f~7

' show1ng congestlon edema and hemorrhage 1n the lower parts of the

1ower Iobes The m1dd1e and upper lobes appeared norma1 w1th good

a]veolar structure

The ca]f surv1v1ng 24 hours sh0wed many thromboembo11 1n the e
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brain, kidneys and liver. The kidneys had focal. infarcts
w1th the exception of the thromboembo]1 seen in the 24

'hour calf, the k1dneys, spleens, 11vers and brains from all four .

animals appeared norma] (F1g. 4, 31 4.§2)

Fig; 4,31 Congested hemorrhag1c 1ungs from a control
.. calf 11V1ng for 24 hours. Lower parts of . o
[ - lower Tobes wéreya]ways more severely affected.

"



P i

Foca] 1nfarct1ons in-a 24 hour control/k1dney
T1ikely caused by thromboemboh from flushed :
_ __pressure catheters R e BREEEAS

>
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45 Causes of Death o . "cz o Ql’

§ '

_ Of the 22 ammat ex;ﬁe\riﬁéﬁts. there were four maJor causes ot
de}ath (th 4; 33) oo - \’_ |
* Low cardiac output ’"W W WW 'H""
Convulstons f u "W"""

P:
B Kcute pulmonary
: Acompltcattons @WW"
- Mechamcal failure ""
o -Ac‘cidgntat : ;""
sl :
_ Ft’g.}'4.33 ~Causes of d‘e‘athvfor calves with art’iﬁci&]fhéérts;

. There exists a correlation between the causes of death and K

sffvival times of animals. (Fig. 4.38) -

g /// t.ow Cardiac output

7 o S \\ Acute putmonary
L o BT L compllcattons

2 Accidental, Surgical
+& mechanical

_‘;_,IIHH*Convutstons, o

e

- MUMBER OF ANIMALS

'-_-0,-,4»- 4-8 8- 2 tz 24 24-33 s SR TR :
i HOURS OF Pumpmé‘ o

;
. »
: ~

th. 4 34 Survwa] ttmes and causes of death for catves wt t:h
tota] arttftmat hearts.v L o e
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‘Mdst animaTs‘dying Béfore 8 tours,. of pumping succumbed to accidentsy:
‘ mechan1ca1 fa11ures and acute pu]monary compTlcat1ons Low cardiac
output caused the deaths oﬁ most- an1mals surv1v1ng for about 8 hours.

‘ ATT Tong surv1vors of more than 12 hours d1ed as a result of convu151ons

l..‘] -

"Thevaverage-Pumplng time was TO;hours. o u,'itjn' | _'_ LT

e

Al‘ Rccidenta] Deaths
| ACC1dents were respons1b1e for two deaths one anlmal W1th o @f
S sac-type heart and one w1th a d1aphragm-type heart ‘ ﬁ
‘. | The f1rst acc1dent dur1ng exper1ment #2 occurred one hour

' '_after takeover w1th the Mk v art1f1c1a1 heart The a1r pressure | ‘-'\;‘f

o dr1v1ng 11ne o the Teft ventr1c1e was crlmped for about 30 seconds:'

P smaTTer than Spec1ficat1on aTTowing the'Tygon tub1ng to puTT away. 5

ll.fjf"]SungmaT Deaths A

n

’ deact1vat1ng the Teft heart caus1ng a very h1gh Teft atr1a1 pressure .
;i_wh1ch was soon foTTowed by m3551ve pulmonary edema o‘gseveral hundred :
| | The second acc1dent occurred dur1ng exper1ment #22 f0110w1ng

ii'8 hours pump1ng W1th a Mk XII d1aphragm heart The an1ma1 had S ;g;7°

' [ T
jﬁexperlenced an. exceTTent recoveﬁ?’and made frequent attempts to stand

“jup,l Dur1ng h1s last attempt he stoodiupon the Teft ventrlcular a1r
; dr1v1ng 11ne wh1ch puTTed away from 1ts brass connector f1tted to the f:,:n
i:ventr101e produc1ng acute Teft heart fa1]ure The defect was. Tater |

_ 1ffound to be in the brass connectors wh1ch had been machlned s]1ght1y

2
S
_‘V .

. ,'0
3

Two surg1ca1 deaths were recorded in wh1ch the chest(was nothx'k

LY

"'}closed The f1rst exper1ment #14 was terminated after 4 hours of

"itffffpump1ng w1th a Mk IX d1aphragm heart because the an1ma1 s chest cou]d L
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Mechani cal Failures

: average surv1va1 time was 4 ]/2 hours

Y o 120

not be c]osed around the_artificial heart. The ca]f had an unusually

sma]] ‘chest cathy f | T,

The second, exper1ment #16 was termlnated after 2 hours

- pumping due to an irreparable blood 1eak in the vicinity of the atrial

anastomoses.

- Mechanical failures, due to breakage of the artificial heart,
were responsible -for two'deafhs, : ;;Q : i .’ ~

Experiment #1 ended after 7'hours of pumping with a Mk V
rubber heart. A crack occurred in.the flat s1de of the 1eft ventr1c1e

allowing an»1mmed1ate ma551ve loss of blood into the chest.

Exper1ment #15 was term1nated after 4 hours of pump1ng Thes “"

Silastic d1aphragm of the Mk IX heart pu]]ed in towards the centre

~ causing a 1eak of compressed air around a screw ho?e»1nto the b]ood

pumping chamber of the 1eft ventr1c1e ,resulting in air embolism.
Acc1dents, surg1ca1 d1ff1cu1t1es and mechan1ca1 fallures -

caused a combined total of 6 deaths or 28% of all degth?ﬁ Their

. fcute Pu]monary Comp]fcatfons :

) Acute pu]monary comp]1cat1ons caused the. deaths of 4 an1mals

d? 18% of all deaths. Two deaths occurred with each type of hearts1n

3 experiments #3 #9, #21 and»#24 In all four caées,mthe complicatioh

wés mass1ve pu]monary edema - resu1t1ng in a tracheal outflow of severa1,

hundred ml, of p1nk frothy f1u1d The causes are uncd’F1nned but

4

:‘suspected of being assoc1ated with preoperat1ve pneumonia, 1ong card1o-

ii-'pu]monary bypass times, h1Ma1 pu]monary arter1a’ressure
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and/or transient high left atrial pressures. Animals suffering death

3 " . . - ' . .
from acute pulmonary complication averaged 3 hour$s survival,

[

Low Cardiac Output

Low cardiac output was the major cause of death ino1uding -
all anima]s.(32%)land also for the group of animals with diaphragm-
type hearfs} . | o
. Oh]y>one of these anima]s~had a sac-type heart which was the
a]lerubber Mk VII model. Thelflexible uentricles were unable to
provide adequate arterial pressure and fiow. All other six animals
were fitted with diaphragm hearts. The Mk Ix model was 1arge and
,heavy and caused compress1on of. the inferior vena cava after the chest
was>closed in f1ve cases. Before c]os1ng the chest typxca] blood
pressures were systemic arter1a1 140/90 mm Hg and right atrial 2 mm,Hg;
/ Following.closure of the chest pressures would drop to 60/20 and
-5 mm, Hg. w1th an ensue1ng p%ogress1ve metabo11c acidosis. One simj?ar
case’ also occurred us1ng a Mk XII model heart Measured cardiac
output was a1ways Very:low (1.5 - 3.0 L/min.) when measured by the
dye dilution techn1que A]] animals were sacrificed either when
d1astol1t b]ood pressure fe]] below 20 mm. Hg, spontaneous breath1ng
stoppeddor when blood gases 1nd)cated an 1rrever51b1e metabolic acidosis.

v

Average pumping time was 8 hours.

Convulsions .

J

e Convu]sions oaused 23% of all deaths A1l 5 1ong;survivors'

died from convu]s1ons W1th an average, pump1ng time of 27 hours . Since

4 of the 5 long surv1vors had sac-type Mk VI hearts it appears as the

e T,
J
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dominant cause of death with the sac heart. The other long term
survivor was fitted withaa Mk XII diaphragm heart,

A1l five animals showed good recovery and made numerous
attempts to stand. Death usual]y followed soon after one or more
major convulsions. ‘The animal would bacome ob]tvious to its
surrodndings, lose spontaneous‘breathihg and experience a progressive
loss in diastolic blood pressure.

: Ih all five cases the convulsions were believed due to

‘thromboembOIi.

4.6 Limiting Factors R

The pathological review and causes of death have led to
f1ve major ]1m1t1ng factors of the total replacement artificial heart:
1. low cardiac output
-~ 2. thrombosis
3. pulmonary complicationsu
4, hemato]ogica]tchqnges

5. experimental animals and surgica] procedqres.

Al f1ve 11m1t1ng factors have contr1buted to the deaths ‘

of the 22 calves w1th art1f1c1a1 hearts Each shall be discussed in

~

detail.

1. Low Cardiac Output . , /\ |

- There are severa] factors that have contributed to the - ]ow

cardiac output recorded in most an1mals &

venous compression
depressed peripheral vascular response N
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“high pulmonary resistance

~output pressure waveform,

Preoperative]y the calves had cardiac outputs of Six'to
seven liters per minute measuredbby the dye'di1ution technigue.
Postoperatively those animals dying from a 1ow'cardiao'output and
_metaho]ic'acidosis had pump outputs of less. than three liters per
minute. The longer survivors had pump outputs of from 3 to 5 liters

per minute. No an1ma]s had postoperat1ve pump outputs equal to the

preoperative cardiac output.

Venous Compression

4 . '
A11 the heart designs caused some compression of the inferior

‘vena cava."Thé'venous compression would be caused after the chest -
was c]osed and could be confirmed by measurements of right atrial
pressure and central, venous pressure.. Norma]]yx these two pressures
would be w1th1n 1 mm Hg of each other, but when the uena cava was
compressed‘ the right atrial pressure wou]d be about 5 to 7 mm Hg
be]ow that of central venous - pressure. The Mk iX diaphragm heart
caused the most compresswon due to its extra 1arge d1sp1acement and

its we1ght Whereas the natural heart recewves support from the
per1card1um, the artificial heart was supported only by the anastomoses
with the remnants of the natural heart and by the a1r dr1v1ng tubes

1nserted through 1nc1S1ons in the chest wa]]

Increased Pu]monary'Resistance

-

) In general “the pump output was restr1cted by the vo]ume of .

blood that could be pumped through the lungs Left atrial pressures
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were a]ways 1ower than right atrial pressures, The r1ght ventricle

therefore a]ways f111ed better than did the left. Pu]monary resistance

was always very h1gh 1mmed1ate1y after card1opu1monary bypass and

subsidgd in only a few cases. When pulmonary re51stance -was ‘high, the.
right ventricular pressure had also to be htgh produc1ng a state of
pu]monary hypertens1on 61nce a maximum safe pu]monary arterial

pressure of 70 mm.Hg had been set there was no other course with .

--wh1ch to overcome the pu]monary resistance and 1ncrease b1ood flow

ough the Tungs and thus pump output

Depressed Peripheral Vascular Response

The venous return to the r1ght side of the heart 15 dependent

upon the c1rculat1ng blood vo]ume and by the capacitance and res1stance

. of the systemic blood vessels.: when the per1phera1 vascular tone is

1\.—

_ reduced and b]ood vessels dllate the1r capacitance increases, their

~ blood pressures werg indicative of the cond1t1on.

res1stance decreases and venous pressure is reduced d1m1n1sh1ng venous
return, The genera] d11atat1on and progressive shock ex1sted 1n all

Tong survivors., wrdenwng pulse pressures and dropp1nq end d1astol1c

Output Pressure Waveform

It may«be that pulmonary vasoconstriction and sYstemic

d1]atat1on ‘are affected by the somet1mes unphys1olog1ca] shape of the '

: output pressure waveform The Mk IX d1aphragm heart was- the on1y heart: \

o to produce per1vascu1ar hemorrhage in the lung and brain. The shape

PR A\

R
<
<~ X
[

seen w1th the sac—type hearts (th, 4.35)

of 1ts output pressure waveform was less phys1o]og1ca1 than those

N ,,,.—\:

4
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Fig. 4.35,'Output pressure waveformefrom-a>5acetype ertifiéia1 heart.

In part1cu1ar the systo11c HR was- very high as was peak systo11c
pressure (F1g 4, 36) v .‘ ‘ o

Fig. 4. 36 The Mk IX d1aphragm heart produced oatput pressure
: waveforms with a very h1gh systo1ic gg
, _ at
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This 1ncrease in HE' over the sac-type hearts cpu1d on1y have been
attr1butab]e to the difference in stroke volume which had. been ‘V
1ncreased from 120 ac. for the sac-type to- 160 cc.” for the Mk IX
The Mk XTI heart was- des1gned to reduce the aE'by mak1ng the maximum
stroke volume onIy 85 cg. .The resu1t1ng output pressure prof11e
: produced by the sma]]er Mk XII heart is far more. nhys1olog1ca1 has}
'a great]y reduced J3-'and 1ncreased diastolic pressure which Teads to-

‘a greater pump output‘ (Fig 4,37, 4-38) No per1vascu1ar hemorrhage

was seen in 1mp1antat1ons with the Mk XII deV1ce

F1g 4, 37 The Mk XII heart produced a much reduced HR
: and a more ohys1o]og1ca] waveform, .
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Fig. 4.38 Outputjpressure waveform of thevnatura1 ca]f_heart;

"‘2 Thrombosis

Thrombosis 1nside the art1f1c1a1 heart has accompan1ed a]l

"exper1ments where the’ an1ma1 survived more than e1ght hours w1th an

{rt1f1cia] heart o _ _ | | |

. It is we]] recognized 1n pathology that thrombos1s is

':1n1t1ated by the deposition of p1ate1ets w1th1n b]ood vessels and

that there are three predispos1ng factors in 1ts pathogenes1s [86 87, 88]
’Achanges in the local pattern of b]ood_f]ow_- -

changes in thekvesselfwali ‘ |

and changes 1n the const1tuents of the blood

- AT] three | disposing factors are ev1dent 1n ‘total art1fic1a1 heart

',r8p1acement . ' , ,;j, e

tChanges 1n the Loca1 Pattern of Blood F1ow

Nhere laminar f]ow ex1sts 1n arter1es wh1te ce]]s are at the o

H
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center ot flow with the red cells next, followed by the platelets which
are separated }rom the endothel1um of the vessel by a thin boundary
layer of plasma. If the lamlnar flow is disrupted, platelets may migrate
1nto the plasma layer and attach themselves to the vessel wall " The
d1sturbance may be an increase of flow velocity, a decrease of flow
~velocity or stas1s. ,
 Artificial ventricles disturb normal bloodnflou.for several
~reasons. Firstly, each.artificial heart usually contains'four
: prosthetic valves‘ Clinically, prosthetlc valves cause abnormal flow .
patterns and exhibit a thrombotlc potent1al ‘ v

_ Secondly, all artificial hearts pump blood in an unphys1olog1cal
: manner. whereas the natural heart beg1ns systole progre551vely,

'gently squee21ng out.its load of blood art1f1c1al hearts “tend to

-,'generate h1gh rates of pressure 1ncrease and h1gh eJect1on velocities.
High veloc1t1es in turn generate turbulance allow1ng formed elements of
vthe blood to come in direct contact Wlth the ventricular and arter1al |
_walls. Some de51gns permltt1ng conta t of oppos1ng ventr1cular walls
}further enhance this d1rect contact 1 | |

Th1rdly, most art1f1c1al hearts have d1scont1nu1t1es in the1r L

,71nner surfaces at atr1al and arter1al anastomoses, graft connect1ons '

1’and valve placements These d1scont1nu1t1es give r15e to 1rregular1t1es

-of flow In general prosthet1c valves heart connectlons and 1ntr1ns1c }\
,-flow patterns all cause d1sturbance of lam1nar flow caus1ng the e
vdepos1t1on of platelets pred1spos1ng to thrombosis |

| The sac-type natural rubber hearts formed red blood clots
in the distal apex of each ventricle. (F)g. 4.39) '

LI



x, thromb051s

F1g 4.39 Sac-type art1f1c1a1 hearts formed large thromb1
in the apexes where flow was reduced. .
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The clots were usua]]y abOUt‘T‘mm thiek ffrmiy attached to~the sac,

uand encapsulated by a. th1ck f1br1n-]1ke mater1a1 extended over an

area s]]ghtly larger than each cloty M1nor clott1ng and flbrln'

'format1on was usua]]y ev1dent around the valve hous1ngs and valve

cages. 1 ' ; ;v.f?'

The ventr1c1e apexes ‘viere areas of very ]ow or stagnant f]ow,,

}part1cu1ar1y when cardiac output was marked1y reduced and the va]ve

1ocat1ons were areas of d1sturbed f1ow both pred1spos1ng factors to o

| The ear11er Mk IX S11ast1c d1aphraqm hearts formed c]ots
o \.

haround the va1ves .and 1n particular at the per1phera1 3unct1on between

"7d1aphragms and a]um1num hous1ngs (F1g 4, 40)
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-

F1g 4 40 Mk IX d1aphragm hearts formed clots around va]vesx.»v
gegnd: at the peripheral Junct1on between d1aphragm
~and hous1ng.. .

The Junct1on was an area of reduced f]ow or no f]ow pred1spos1ng
" to thrombos1s Usua1ly, there was equa] c]ot formatlon in- the
tef]on valve holders both prox1ma1 to the inlet valves and dlstal"
to the out]et valves suggest1ng that very low flow. rates and very
: h1gh f]ow rates encourage thrombos1s equa]]y ' _ d |
H The 1ater mode] Mk XII S11ast1c d1aphragm ventr1c1es a]so
uformed red c]ots around the va]ves, in the: outf]ow connector and at
‘llthe d1aphragm to chamber Junct1ons ~(Fig. 4. 41) R
"gﬁg In general thrombos1s occurred on stat1onary parts of the ‘
o -hearts;rather than on mov1ng parts whereas the valve hous1ngs and |
vcages, outlet and 1n1et ports and ventr1c1e hou51ngs usua]ly 1nduced
,dlclots the constant]y mov1ng sacs d1aphragn5 and’ va]ve discs them-
\se1ves were always c]ot free. Because moving surfaces rema1ned c]ot to

ffree does not deny the possib111ty that smal] clots or m1cro-embo]1'
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_ mov1ng surfaces and cast free The thrombb—
Vthe dev1ces is 1nd1cated by the convuls1ons

‘:1ng more than e1ght hours and poss1b1y by the AT

'c16tsk 1 i :1y seen 1n pulmonary arter1es

F1g 4 41 Mk XII diaphragm heart also fdrmed?thrdmh1
around va]ves,vconnectors and d1aphragms

In the latest art1f1c1a1 hearts, pressure taos 1nto the :

atrla and arter1es were el1m1nated s1nce they wou]d 1nvar1ab1y c]ot

- and when flushed were\s1tes of potent1a1 thromboembo]v

» The prob]em of - thrombo&is w1th1n art1f1c1a1 .hearts .is qu1te

l

- - clear]y re]ated not on]y to chem1ca1 surface propert1es of the mater1a1 g

“used but a]so to des1gn and construct1on of the dev1ce. 'The fact
.} that there is vary1ng sever1ty of thrombus format1on depend1ng upon
| ‘}»the s1te W1th1n a dev1ce made of one partlcular mater1a1 1nd1cates }

/
the 1mportance of hemodynam1c cons1derat1ons in art1f1c1a1 heart
des1gns.“u ZJ"A> . :‘_';51 7/’
o ' el R
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E Changes in th&wVessel Na11

The unbhys1o]og1ca1 surface propert1es of art1f1c1a1 heart

mater1a1sg1s a maJor cause of thromb051s. Whereas changes in the _
vesse] wa]l in natura] vessels activate p]ate1et depos1t1on by the
‘Arelease of A D P. or thromb1n the 1ntr1ns1c chem1éa1 propert1es of ,
Aunphys1olog1ca1 mater1als may encourage thrombos1s The foreign |
.surface propert1es usually act1vate the Hageman factor #XII of the ;’;h;
1ntr1n51c pathway of thrombos1s | A -

To 1mdrove the ant1thrombogen1c1ty of the sac-type hearts -

| ’g the natura] rubber was prebJo11zed by the bonding of Heparln to the :

frubber surface w1th a techn1que s1m11ar to that suggested by Ima1 [89]
vy

\

'Even though the preb1o11zed rubber had an 1n vitro clott1ng t1me ten 3

\

vt1mes that of natura] rubber aione, thrombos1s w1th1n the dev1ce

RIS S N e g

\
\

s,‘was st111 a prob]em I : :.\'~...' N

N SN

The Iater d1aphragm—type hearts featuned an 1nner surface

-

o 1ent1re]y 11ned with s111cone rubber W1th\except1on of the four va]ves.},jf

‘-=~:A1though thrombos1s was - not as severe as’ §§§P in theknatura1 rubber-
Y o]

= ihearts, clots were 1nvariab1y seen in hearts from lbnger surv1vors.

A]though S1]ast1c hearts often. encourage thrombos1s, Akutsu

c1a1ms that -a we]l prepared Swlasttc surface is. ant1thronbogenic but s
--_that Sl]ast1c 1s frag}]e and may become contam1nated dur1ng steps of 2
‘ fabr1cat1on provesses.f/:‘_, Lo

| J.Thﬁe

1n oppos1t10n to using smooth S11ast1c dr po]yurethane
H, surfaces is at/there 1s a poss1b111ty that sma11 embol1 are formed
;_at the cons'antly washed surface.[s6 9]] S1mp1e Hepar1n cqat1ng

processes ave been c]aimed to reduce the thrombogenic1ty of many‘g

P Qly,me'.‘sz 4

S T e T R PR R LS R

[90] v

‘ith/varying resu]ts. L?Z 93, 94 95 96] Some 1nvestngat0rsiftjf,*
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have chosen to make surfaces that encourage f1br1n depos1 ~and the
format1on of a pseudoendothe]1um These surfaces are a1l rough ‘ |
vf1ncorporat1ng silicone rubber coated e1ther w1th short dacron or

.ny1on ftbrﬂs[72 97] or ve]our c1oths [98] L1otta suggested that -

o’

Tooa thln coat of blood prote1n 1s_dep051ted on al] p]ast1cs w1th1n f

 5the b]ood stream and that it should be anchored [51] The ma1n o
[60]«1

'_-idrawbacks to the 11ned surfaces are the 1ncre;2§d 1n1t1a1 hemoTys1s
iand the d1ff1cu]ty in regu]ating the th1ckness of the neo 1nt1ma |
JIWhen the pseudo1nt1ma becomes too th1ck there is. a danger of the 1
' surface be1ng fractured and 1arge pﬁeces of the surface may become.

'.'separated forming massive thromboembo]1 Ko]ff s record ho1d1ng

~

;‘exper1ments have ut1112ed hearts with both- smooth and rough surfaces

o

“In all cases the thromboembo]1c phenomenon was present but to a

[60]

'v:sl1ght1y 1essened degree with the f1br11 surfaces

P

‘ -.,dev1ce“r .

e ;bChanges 1n the Const1tuents of the BTood

' Some work has been dwrected toward surfaces possess1ng

-a negatlve charge to renel- the platelet [99] t has been found

\-‘,

5 :“however, that‘not a]] negat1ve1y charged surfaces are ant1thrombogen1c RO

In most 1nstances, the agt1thrombogen1c1i!kof art1f1c1a1
: . L

'Q:heart mater1als has been affected bypthe f]ow cond1t1f

frgie !
B N

w1th)n the,

v

It appears that although changes 1n the 1oca1 hemodynam1cs L

“:‘fand changes in the vessel wall may estab11sh cond1t1ons wh1ch can.

]'1ead to thrombos1s, 1t does not necessar11y deve]op There may be
"thrombogen1c tendency" 1n the b]ood Exper1menta1 ev1dence 1n _f’o}'y

"'th1s regard is meagre. There TS some suggest1on that p1atelet count
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31ate1et sur%ivai‘time,-presence of'unesterified fatty acids or

ii/hlood viscosity maf affect p]atelet.aggregation:' During cardio_
* pulmonary bypass and pumping of the»artificial heart there are many
“alterations in p]ate]et activity, platelet count, b]dpd viscosity ;
and other factors which may well contribute to thrombosis as a'QJf

-

predisposing factor. )

In summary,uthe thrombogenic,potential,of the total
art1f1c1a] heart remains a maJor 1imiting factor The¥thrombosis
is most likely a result.of fabrication with materwa]s that are not -
tota]ly antithrombogenic and perhaps more 1mportant hemodynamlcs
within the devices that are unphysiological enhanc1ng clot
formatipn. It is also possible that a]teratiOns in blood components

during the insertion phase and perfusion phase_may contribute to

thrombosis. S . : \}»
3. Pulmonary Complications

Sy ' Pu1monary complications have. accompanied all total heart
rep]acements? }he complications have been ei ther acute and primary |
or secondary to other causes Common?y, post-mortem lungs have a11

b

" been ate1ectat1c edematous, hemorrhagic and congested

3 The most serious acute pu1monary ;omp11cat1on has beenﬂ
masstve pu]monary edema. The edema has occurred not och when brought
on by detected 1eft heart fa11ure but sometimes when not expected .Th
cduse of the edema 1s.most likely related to ]ung~management dur1ng 1
surgery and to acc1dental e1evated left atr1a1 blood prfssures In

the two cases where the 1eft ventr1c1e has been accidentally inactivated

for severa] seconds perm1tt1ng,1eft-atr1a1 pressures of more than

r [
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25 mm.Hg tﬁévflow of blood tinged frothy edema fluid from the endo- -

‘tracheal'tube began'wjthin minutes. (Fig. 4.42)

]
”~
. .

Fig. 4.42 The cut surface of a lung f0110w1ng acute
i massive pulmonary edema.

Left atrial pressure is gometimes»difficu1t to regulate when changing .
- from cardiopu]mdnary bypass to‘the artificial heart. In some cases
durihg‘changeover left atrial pressukes have transiently reaéhed 15 i
- or .20 mm,Hg momenf4$i1y. Not all of these instances resulted in
, acute pﬁ]monarx edeéa.v Tﬁeifpuranima]s that djed following pulmonary
edema had other comp]jcgtions.‘ Two of the animals experienced
'unuﬁua11y 1ong caYdibpu]moﬁary’bypéés times of 110 minutes and 120
minutes. The other two ca1vés had postoperatlve pu]monary hypertens1on
with a pu]monany arterlal b]ood pressure of over 70 mm Hg.
The'postoperat1ve pulmonary hypertension was a comp]ication

.1tse1f 1n 21 out of the 22 animals. Norma1 pulmonary arterial

pressure measured preoperat1ve1y was 15 25 mm.Hg. Fiv¢ animals were
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treated throughout the experiment with a cortico-steroid methylpred-
nislone. The maximum postoperative pulmonary arterial pressure in the
treated group wa5'50'mm Hg with an average of 40 mm.,Hg. One of the
treated animals had a normal pressure of 28 mm, Hg In the untreated
group, three an1ma1s recorded pu]monary arterial pressures of over
70 mm.Hg, two of whlch d1ed from pulmonary edema and one which
recovered and died from anoxia. Of the remaining animals with
pulmonary. hypertension, the maximuu average pressure was 50 mm.Hg.
“‘In most cases the maximum pressure waspgreached within minutes after
the onset of pumping and usually began to subside within one half
hour.} Al]‘of the five long survivors (18-33 hours) had pressures
that had dropped to less than 30 mm Hg within one hour of pumping.
Most other- animals remained hypertensive throughout. |

Pulmonary arterial pressure.is controlled by the driving
force of the right ventricle and by the resistance to blood flow in
-the lungs. If the resistance was high the driving force had to be
hioh to provide a flow through theilungs to the left atrium. Usually
the pu1monary resistance was very h1gh when c1rcu1at1on was begun in /
the lungs. « If the resistance became less, the dr1v1ng pressure cou]d
" be reduced lowering the pu]monary arterial pressure. Sometimes *
however, the resistance d1d not lessen and the flow remained 1ow
since the maximum pu]monary arter1a1 pressuré was limited to about
70 mm.Hg. "The Tow b]ood flow through the 1ungs was often the 11m1t1ng
factor.in card1ac output resulting in very Tow: total b]ood flows.
‘There may be an intimate re]at10nsh1p between the h1gh pulmonary
res1stance and Tow cardiac output that resu]ts in a double c1rc1e of

events 1ead1ng to the progress1ve cardiovascu]ar shock exper1enced by
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mos t animals following cardiopulmonary bypass and total artificial

heart replacement. (Fig. 4.43)

Progressive , Atefectasis
shock .. { ' / )
) | Decreased .

Poor ‘venous | Decreased

' /o return - 1eft atrial . ventitation
Vaso dilatation dacreased right pressure
Arial pressure [ .
SYSTEMIC PULMONARY o
CIRCULATION .~ CIRCULATION : o
, -' Pulmonary ' '
/ INADEQUATE cox;l‘lon,
Organ hemorrhage, . PUMP DUTPUY
failure ( m} ‘
’ PULMONARY

VASOCONSTRICTION .
\ * : / Increased puimanary -
Liver , spieen, brain, arterial pressure
kidney congestion —

ncreased pulmonary
Venous resistance

hypertension Increased right )
Vial pressure ' \_.

F1g 4.43 A possible pathway leading to progress1ve
cardiovascular shock.

The reasons for the increase in puimonary resistance that

occurs may be related to the carﬂgbpulmonary bypass but,they are

. ‘r %/ﬂ‘
unclear,

A

Cortico-steroids given in large doses are said to act as a

[100 101]

fVasod?lator producing be#ter per1phera1 tissue perfusion

helping to diminish anaerobic metabolism and prevent metabo1ic acidosis; 
The use of the steroids in our experiments reduced the Tevel of
’postopefative pulmonary hypertension and hastened the'progress of -

arterial b]ood’gases to within normal range,’ The administration

\

of methy]predn1solone d1d not however prevent the 1ong term progress1ve

shock seen a]so in untreated an1mals.

o
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Pulmonary complications in calves associated with anesthesia
and card1opu1monary bypass are not unique to animals in this project.

[102, 103, 104] have reported hypoxem1a pu1monary

Other workers
hypertens1on and other perplexing compl1cat1ons after bypass The
most common explahat1ons for: the comp11cat1on include immaturity of
thekcalf lung, ercessive positive pressure ventilation, ihproper
‘positioning ahd too rapid a transition from the cardfopu]monéﬁy

bypass to the artificial heart. Changes in our procedure aimed at °

Tessening some_of these causes have made little difference in the

7 »

1nc1dence of comp11cat1ons o o ‘f\\;»~

It has also been suggested[10 I that the ca;f possesses
anatomical factors that prec1p1tate pulmonary complications during
surgery if the calf is in the supine posit1on The inferior vena
»cava is positioned at the middle of the thoracic cav1ty and 1n a

supine pos1t1on, the major port1on of the Tungs are below the 1eve1

of the vena cava. The most dependent parts are mpre than 10° cm.
bedow th%’vena cava, 'Pathologica] deterioration of the calf luhgs,
was usua]iy first observed in the dorsal part of the ]ower lobes
| ~during and after cardiopulmonary bypass.‘ It may be possible that the
| anatomical factors of the calf render acute passive.congestion,of-the
dorsal parts‘of the Tower 1obes.unayoioab1e;.partioUlar]y with cardio-
,pu1monary bypass. ‘In‘additton/to‘htgh}pulmohary'arterial'pressure,.
.hlgh left atr1a1 pressure low cardiac output, surg1ca1 technique and
card1opu1monary bypass techn1que there may be other factors d1rect1y
contr1but1ng to(gugmonary comp11catlons _”j »
Blood damage from mechanical trauma may resu]t in. the re1ease

of humora] agents such as serotonin, histamine and ep1nephr1ne into.

‘o
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the b]oodstream effect1ng fluid balance in the lung.

- Simple mechanical compres;1on of parts of the lung by an // |
oversized artificial heart certa1n1y causes local areas of
: ate]ectasis. v | |

Our present day»methods 6f respiratory support/éreigeared to
humans and may not suit the célf with its fragile 1ﬁng. _In our
experiments we héve witnessed far.befter recoveries'jh animals that}
were hand ventilated or so-called“"hand-bagged" with‘a éimp1e
anesthesia machine than in animals whose respiratory support was
hand]ed‘entire1y by an autdmatic‘volﬁme‘respirator.

\ | There.are indications that artific{al heart outbut pressure

waveforms may gf;atly inf]uence‘the integrity of the lung. There
arevindications_that a high systoiic %% in the output pressure

profile is more damaging to the Tung that is a lower %%,

“Animals that escéped acute bu]monary edema, accidents or
mechanical failures all deve]éped é syndrdme'of progressive kespiratory
fai]ure. Accoréing to King[106] the "adult respiratory distress_
| syhdrome" also kﬁown~as "wet Tung," "shock 1ung," “septic‘1ung,"
"hypostatic pneumonia”. and "post traumatic pu]monary 1nsuff1c1ency"
‘1n humans, is characterized by a d1m1n1sh1ng p02, a normal or low
pC02,1ncreased resp1ratory rate and m1nute vent11at1on, 1ncreased |
’dead sbace vent1Tat1on, progress1ve ac1d-base derangements and a
'fa111ng effective comp11ance. At post-mortem those 1ungs have»ag
’patchy, liver-like cons1stency'and are heavier than“nofmél as a :
ref]ection of their incfeased water toﬁtent. iHistb]qgicaX]y; v$rying;
mixtufeslbf interstitiailand‘alVeolér edeha and hemorrhage, ‘

ate]ectaéis, hy@]ine membrane formation; yasCular thrombosis and .
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] /.
infection are seen. Funct1ona11y and h1sto]og1ca]]y, calves with
total art1f1c1a1 hearts are exhib1t1ng a syndrome of resp1ratory.

distress very much like that of the adult resp1ratory d1stress

Since the pathogenesis of the adult respiratory distress
syndrome 1is unc]ear, pu]monary complications in calves with tota]

artificial hearts remain a maJor 11m1t1ng factor.

]

‘4; Hematological Changes

To determine the hematological effects of.tota] heart
replacement measurements were takeh of Hbl; Hct., R.B.C., W.B.C.
and -platelet count serum electro]ytes, tota1 prote1ns, g]ucose,
B.U.N., creatine, b111rub1n lactic acid, pyruvic acid and histamine.
Clott1ng times in q]ass were determined periodically. Inya'series7

of five animals part1a1 thrombop]astwn times, prothromb1n times

and f1br1nogen levels were a]so measured

Control samples for the who1e“bloodx hematoTogy'and c1dtting'

~ tests were drawn from the carot1d artery through a flushed po]yethy]ene‘

“tube. The f1rst samples were drawn 1mmed1ate1y following cannu]at1on
of the neck vesse]s and prtor to open1ng of the chest The Second‘
who]e b]ood and hemato]ogy samples were obta1ned 1mmed1ate1y before

conc]us1on of bypass and the second clott1ng samp]e was. obta1ned

' after bypass and after the neutra]IZat1on of Hepar1n w1th protam1ne

su]phate. Further samples were taken every two hours

w

B]ood damage 1nc]udes not on]y trauma to formed e]e 'nts of

the b]oodybutmaléb to the d1sturbance of homeostatlc funct1o s and

mechanlsmsi f the b]ood
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Red Cell Hemolysis

Red 'blood <ell hemolysis’is the best'indicator of blood
damage Hemo]ys1s has accompan1ed a]] 22 art1f1c1a1 heart 1mp1antat1ons.

The parameter wh1ch best 1nd1cates the extent of hemolysis is the

‘p]asma hemog]ob1n whlch is the free hemog]ob1n re]eased when red

blood - ceI]s are destrqyed 1ntravascu1ar1y (Fig. 4.44) : o .

PLASMA HEMOGLOB IN LEVELS

Cardlopulmonary bypass
Sac type hearts
' 'Diaphragm -type hearts
— = —=- All 22 arlificial hearts
4 contro! bypasses -

—_ : —
o 4 . 18 2 2% . % M4
POST CARDIOPULMONARY BYPASS TIME (hours) |

O‘-t‘

"

Fig. 4, 44, P1asma hemog]ob1n ]evels in 22 ca]ves with

total replacement artificial hearts and 1n 4
bypass contro] ca]ves ' . ,

Before Operat1on the ~average D1asma hemoqlob1n 1eve1 for

- the 26 ca]ves was 8 mg %, Fo]10w1ng card1opu1monary bypass the average

»
level was 32 mg 3. The average max1mum 1eve1, regard]ess of pump1ng

. t1me was 66 mg. %.. The h1ghest 1eve1 reached by any an1ma1 was 229 mq A

.

- Tty
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A.'1n a calf with a sac-type heart after on]y 3 hours of pump1ng whose
preoperat1ve level was alreaduqzz mg.%. The lowest level recorded
was W1th a sac-type heart after 33 hours of pump1ng There was . no‘
vgenera] pattern followed by all the animals, In some cases the
highest level was recorded soon after bypass fo]]owed bm‘a gradual
decrease and in others the - 1evels of plasma hemog]ob1n 1ncreased
unt11 death. On the average, the 1eve1 recorded after bypass
-increased slightly dur1ng the f]rst 10 hours, then decreased;~

| The control_anima1s'subjected to cardiOpu]monary bypass
only also produced varied results. The highest 1eve] was 179 mg.%
after 20 hours ahd‘the lowest level 3 mg.% after 29‘hours{f The .
average high was- 34 mg.% and the>average.1ow was 10 mg.%.‘ On the
average, the‘highest ?eve] was reached 10 hours after bypass and

showed a genera] decline thereafter. o

'Causes of Hemo]y51s < R C ,
The hemo]ys1s seen in the 1mp1antat1ons was always due to
-an extr1ns1c disorder, that of mechanical trauma, Dur1ng surqery,

the card1opu1monary bypass exposes red b]ood cel]s to a 1arge E (w;¥

[y . ) . Var

| prosthetmc-surface and(to direct mechan1ca1 trauma caused by the-rol]er E
| pumps and oxyqenator. when c1rcu]at1on was provided by the art1f1c1a1
heart the red ce1]s were exposed to a sma]ler prosthet1c surfacé and
mechan1ca1 trauma reduced on]y to that produced by the dev1ce “}

| Srnce maX1mum plasmarhemoglob1n 1evels were often seen soon ii'
after cardlopulmonary bypass in both. 1mp1antat1on and contro]s it is s
;reasonable to assume that the traumat1c effects of ;he bypass are

more severe than those produced by the art1f1c1a1 hgﬁ?t
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If one examines the averagé hemolysis Tevels preoperatively
at the end of bypass. and after 33 hours of pumping it Can be seen.

that, during card10pu1monary bypass the average hemo]ys1s rate 1s

‘]9 mg. %/hr. and that during pumping w1th the artificial hearts, the

average hemo]ys1s rate is on]y 0.16 mgt%/hr. The same{procedure for -
the control animals yields hemolysié rates of 8 mg.%/hr. during ‘
bypaes and-0.18 mg.%/hr. postoperatively. These figures wou1d_
indicate that hemolyais caused by cardiopulmonary bypass .occurs at

. . ‘ .
a rate up to 119 times greater than that caused with the artificial

‘heart.” It is not possible to evaluate the absolute degree of hemonSis

caused by the artificial heart measured‘bver only 33 houre. -As can
he seen from the controls not all postbperative 1evels_had returhed
to prebperative levels by 33 hours after bybass Ih‘generalv however,
the contro] Tevels after 33 hours were lower than 1mp1antat1on lTevels

after the same per1od 1nd1cat1ng that some hemolysis is likely occur1ng'

in the artificial heart. =~ ..,

Cqmparthg the:E1asmaihemoglobin.1eve1$ hecorded‘in three .

33 hour surVivors,(Fig '4 45) one controT,'one sac-type heart and
"one d1aphragm type heart the control an1ma1 had regained 1ts
‘preoperat1ve 1eve1 by the 29th hour. At the same t1me, the anima]s

‘w1th art1f1c1a1 hearts st111 had’ e]evated 1eve1s “Although the

h1gher 1evels may be due to. hemo1ys1s w1th1n'the artificia] “hearts, -

1t 1s also poss1b1e that the h1gher 1evels are due to a reduced

cardiac output. A 1ower k1dney blood f]ow or degenerated k1dney

““”_the k1dney s ab111ty to d15pose of the hemog]ob1n

;by the card1opu1monary bypass Qu1te clear]y,

' “the animal w1th the sac-type dev1ce had a,rap1d]y decreas1ng p]asma ;
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hemoglobin level at the time of its death.
. : . ;
S 120 : PLASMA HEMOGLOBIN LEVELS IN 3, 33 HOUR SURVIVORS -
. .
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. 100 - N //’ N Sac -type heart : //'
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= : 1~ ' \ K ’
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Fig. 4.457 P]asmalhemog]obin 1eve]s in 3, 33rhourr3urvivors. “ -

There are other factors affect1ng the measured p]asma hemo-
g]ob1n 1evels Some of the 1onger surv1vors w1th sac-type hearts |
,rece1ved 1nfus1on of several llters of f1u1ds wh1ch may have caused
a s1gn1f1cant hemod11ut1on. The hemod11ut10n wou]d tend to 1ower ‘the )
J*concentrataon of hemog1ob1n in the p]asma g1v;ng a reduced 1nd1cat1on
of hemoly31s.: The hemodllutwon may also have been respons1b1e for |

'fthe "apparent" anem1a seen in some an1mals w1th sac-type hearts.

The conc1us1on is that the art1f1cia1 hearts 11ke1y cause ‘

some red ce]l hemo1ys1s but that the degree of hemo]ys1s may be very

: slight 33 hour surv1vors are not long enough to evaluate th1s factor
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"“since the animals have by that time not yet overcome  thie direct

effects of surgery and. cardiopulmonary bypass.

‘P]atelet Loss

In all an1ma1$ e1ther with art1f1c1a1 hearts or contro]s,

‘fthere was a 1arge decrease in the p1ate1et count dur1ng card1opu1monary

bypass. - (F1g< 4. 46) here was then a s]1ght increase w1th the

PLATELET COUNT (x 10°/c .1mm..)

thry

if1nfus1on of blood after bypass fo]]owed by a gradual decrease-through-

- out the experlment

'
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F1g 4, 46 Platelet counts in 22. ca]ves with total rep]acement
o ~w:w‘c1a1 hearts and in 4 bypass control ca]ves.

%

'315 were’ s]ightly 1ower 1n the control an1mals
ﬁ};operat1ve Tevels. Preoperat1ve 1evels of

7ihearts ranged from 300 000/c /mm. t°



!'_bypass

] . 16
’906,000 c./mm. with an!average;ofg5§3,000;, After bypas$, the levels
ranged from 43,000 to. 236 OOO averaging 135 ,000, The preoperat1ve
controls counts ‘ranged from 180, 000 to 582 ,000 with an average of
376,000 and post-bypass counts ranged from 17 ,000 to 55, 000 for an

-‘average of 36 000 _ .

1-

| Causes of P]ate]et Loss
| The great p]ate]et Toss seen in all an1maTs may be attr1buted
‘to the surg1ca1 procedure 1nc1ud1ng card1opu1monary bypass, the -
- quality of b]ood used for 1nfus1ons and in. the 1mp1antat1ons act1vat1on
o of plate]ets by the prosthet1c device. - d:- T ‘eﬂ“
e Dur1ng the surg1ca1 procedure the p]ate]ets may be e1ther
f destroyed by d1rect trauma or act1vated by fore1gn surface contact
They may aTso be destroyed by chem1ca1$ from ant1coagu1ants, anesthet1cs
~and- other drugs.- Durlng card1opu1monary bypass the platelets’ may g
fefther sequester into the external system, be destroyed or aggregate‘
aw1th1n the System ' They may aTso bé destroyed or. aggregate w1th1n |
'jthe an1ma1 s vascular system or sequester lnto an extravascu]ar system
It 1s clear from the contro] an1ma]s that the 1n1t1a1 p]ate]et loss f
vg thCh 1s a]so the greatest Toss must~occur before the term1nat1on of .
: T ,

» FoTTOW1ng bypass the an1mals rece1ved transfus1ons of b]ood.
7»Due to the method of: coT]ect1on and the short pTateTet surv1val time
' a11n bov1ne bTood there was poss1b1y Very few v1ab1e pTate]ets in theicl{
fftransfused blood The s]1ght rise in plate]et count follow1ng b]ood |
transfus1ons was probab]y a resu]t of a reductlon in the degree of

. 1 . PR 2
,'hemod11ut1on. o :
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Fo]]ow1ng 1mp1 ntat1on-of the art1f1c1a] heart _there was a

_ genera] decrease ip-the p]ate1et count above that‘seen in' the control

animals. Th1s decrease may be due to the effects of hemod11ut1on,

| to the further act1vat1on or destructron of p1ate1ets'by’the dev1ce o

PR

'-or by the fUrther‘aggregation or}seqUestering‘Of“p1ate1ets as'a

~ result of decreased b]ood f1ow{fates produced by the art1f1c1a] heart

o

‘ Ev1dence of clott1ng w1th1n ‘the ventr1c1es and of p]ateﬂet aggregates

¥w1th1n other’ organs wou]d 1nd1cate that the. art1f1c1a1 heart is
G

h act1vat1ng p]ate]ets to- some degree. For the contro] an1mals '
‘,:plate1et Toss was: 289 ,000/hr. dur1ng bypass and- p]ate]et recovery
“was 1 770/hr.'after bypass ' For an1mals w1th art1f1c1a]vhearts the’
rate of loss was 350 OOO/hr dur1ng bypass and a further 1110/hr. _'

Q

X‘durlng pump1ng w1th the dev1ce.

a -

-~

The conc]us1on 1s that the art1f1c1a1 heart 1s 11ke1y ¢

- caus1ng p1ate1et 1oss, but that 33 hours postoperat1ve1y s not 1ong .
hgenough to quant1tat1ve1y evaluate the degree of p]atelet loss o

- 1attr1butab1e to the art1f1c1a1 heart and not to the surg1ca1 procedure

,a]one

S D1ssem1nated Intravascu1ar Coagu]at1on ! :{.} “_'_ v_};fir"'\

\

D1ssem1nated 1ntravascu1ar coagu]at1on occurs when the c]ottwng ff{‘

}v.'v,mechan1sm 1s act1vated w1th1n c1rcu1at1ng b]ood Th1s coagu]at1on may ‘

B be in1t1ated by over. 30 d1fferent suspected et1o]og1ca1 factors[64]

' ‘of wh1ch at. leas;ﬁlo have been seen in the 1mp1antat1ons As D I .Ce:
’ jproceeds consumpt1on of coagu1at1on factors occurs The formation of
| 1ntravascu1ar c]ots w1th resqu1ng s]udg1ng of cap111ary blood flow .

‘ q;,and progress1ve ac1d051s y1e1ds a state of shock D I. C 1s character- ;

3
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ized by a decreased arterial blood pressure, a diastolic hypotens1on,
. progress1ve decrease in f1br1nogen, platelets, prothrombwn and other
c1ottfng factors‘and an increase in partial thromboplastin t1me,
‘prothromb1n time and c]ott1ng t1me Capillary sludging produces a
diastolic hypotension, low pH and Tow p02. Fibrin clots are found

in the 1pn§, kidney and 11ver2 These changes have been seen in

calves with the artificial heart. ’ - N

S{nce the most severe bgood trauma occurs during cardiopulmon-

ary bypass,lit may"“be an imeortant factor;ih-initiating the D.I.C.

The hemolytic anemia 1éeds,to tissue-anoxia and refeases large amounts

-

of thromboplastin into the circulation which is known to cause intra-
vascular c1otting.“‘Activated.blate]ets contribute to the coagulaiion ’

and 1ysed p]aie]ets release vasoactive humoral factors of serotonin

anc A.D.P. which con-ribute to arteriolar constrictioh. .Catecho-
1am1nes and other humoral factors released by operative trauma stress,‘ h
and’ anesthes1a further contribute to arteriolar constr1ct1on The
studging of cap111ary flow which resu]ts d1sta1 to the constr1cted
drterioles oroduced anoxic,. acidotic blood whych is hypercoaqulable.
leading to intércahi]]ary coabulation Fibrin clots have eccasionally
been seen in post—mortem 1ungs, kidneys and Tivers. |

Lactic acid 1evels 1ncreased sharp]y after pumping with the

Hrt1f1c1a] heart 1nd1cat1ng anoxia and anaerobic resp1rat{en at- the
cellular level. This anoxia and 1ncreased 1act1c acid 1eve1 contr1butes_
to the ac1d051s seen in an1mals suffer1ng from a 1ow card1ac output.
The Tow card1ac output must alsa have contributed to- the consumpt1on

/l -

coagu]opathy

Hepar1n -protamine su]phate 1gb/1ance may also be a factor
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in tbe D.I.C. Clotting times in glass have varied ;rom 7'minu;es
to infinity but in general, the blood is hypocoaap]able with clotting
times usually 2 'to 3 times normal, | \

Although all 1ouger surviving calves with arti jciea hearts
exhibited a éonsumptive coagulopathy of?varied degree, ibrin c]ot§
»were not seeu at q]] autopsies.‘.This does not ru]éﬁbut the existenee

of a D.I.C. contributing to shock. An active fibrinolytic system

th (107,

@ay cause clots to be absent at deet s 108] the reticulo-endo- - \

thelial system may clear some of the fibrin or clots may not have been

seen because of sampling errors [108]

~ It is very likely ‘that a consumptive coagulopathy may

contribute to progressive'irréversible shock ‘occurring.in animals

!

surviving more than 8 hours. | It.is however, not apparent to what

f

fdegree the’ coagu]opathy and Shock are attr1butab1e to the art1f1c1a1

heart: a]one and not to the surg1ca1 procedure

|
|
!

5. Experimental Animals énﬁ Surgical Proc%dures
/

The cho1ce of exper1menta1 animals has been a prob]em Early
- experiments w1th dogs werk not sticcessful because of the an1ma1s' Tow

~ tolerance of card1opu1mo ary bypasisand sma]] size. Pigs are difficult

els to expose and also do not

by

to handle, have d1ff1cu]t blood ves
tolerate cardlopulmonary bypass well. Up unt*? now, calves have been
our best’ ch01ce of animal due to their human- 1ﬂke size and a]mostp

year;round,ava1lab111ty in western Canada. Unfonﬁunate]y, calves

“also suffer many inadeduacies as a mode] for total heart trauSp1antation.

' The four control exper1ments w1th cardlopu]monarx bypass

only for 70 minutes were a]so struc5/w1th comp11cat1ons seen in -
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thé-totql'replacements.

) 0f the four calves, on]} one lived 33 hours without
Arespi;atohy support. One Tived 33 hours withlventi1ati?n, one died
after’24 hours with pulmonary complications and the fourth suffered
acute pulmonary edema during surgery. The ?ung comp]iéations were -

not unlike*those seen in the total imhﬂéntations. The control Yungs
were all congested{ hemorrhagic ana edematous in the lower parts of

the Tower lobes.

The. control animals were young (about 3 months) like those
that received artificial hearts and all were unable to withstand th
insult of the surgery and cardiopulmonary byﬁaés, The immaturity of -
the calf lungs ahd their chest anatbhy may have contributed to these
cbmp]ications. o - >

The control animals also showed levels of blood ddméée‘
comparable to those with artificial hearts. It may be that thgfggldes’
red blood cells heﬁb]yse easily ahd"thai their p]atelet§~are éuick1y
activated and traumatized. '

Some of.theYtalves used for both confro]s gnd'implantations
have not been hea]thy. In several caées, they hé&e had lobar pneumonia-
S or riﬁg worm, Sométimes their gehera] health was questionable. Some
animals had a gTistening, c]ean'coat,-bright eyes and good‘pOSture
whi1é‘oihers had/a dusty, lice-ridden coat, watéry eyes, and poor

posture. One -cdlf although healthy in appearance was a runt.

The pb r recovery of control animals indicates that ei ther
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carevand postoperative procedurgs a11 have evolved from those
developed for huﬁan beings. It appears that many of these techniéues
are not suitable forlthé calf. Calves require a long faéting time
(48 hours) to clear their rumens to prevent bloating. 'To avoid
foaming within the extracorpdrea] circufation the dose of Heparin
required is far greater than that required for humans, Pressure
‘catheters}clot very quickly in ca]vesgsometimes resulting in kidney
infarctions when flushed. Hand-bagging the lungs during surgery
appears to cause far less pulmonary damage than does an automatic-
volume respirator. Calves are a]so‘suscebtab1e to pu]monary“hyper-
tension following bypass leading to the risk of right heart féiluré.
In two of the control experimentstthé ca]ve§ required an Isuprel
drip to prevent right heart failure.

» :Skin to skin time for thé'imp1antationégaveraged 4 -hours
23'minu£es. whehlabérated on in the supine positioﬁ this may be too
léné;predisposing to IQng congestion. A larger surgical team (2
surgeons and 2 assfstanté) would likely reduce the time by one hour
which would shorten the duration.of,mechanicAl ventilation and help

prevént 1qng-congestion.

‘ -Cardiopulmonary bypass times averagéd 77 minutes. in a
previous 'set of four contrd] animals used to evaluate the effects
of bypass??r the calf lung bypass ‘times in excess of-75 minutes were
found to produce progregsiyé lung deteriorationvafter»bypasé. Bypass
times df less than one hour wdu]d.like]y Qreat]y reduce the degree
of pulmonary cbmp]fcatiohs.“ | | B |
| In hany caség.there was_considerab]e postopergtive'b1eeding
’ frdm the chest. Ffeqdent]y f??ge VO1ume$ of clots wére found in the
R

Tk
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chest cavity at autopsy.

" These examples point out that ealves demand surgical
techniques and after care differen; frqm_those developed for hunian
beings. 'Techniqueé suitable for a specific species of animal must
be developed by tria] and error, Many cﬁanges and improvements in
implantation prosedure have occurred concurrently w1th the development
of the art1f1c3\1 heart but the calf st111 presents many surgical-
medical cha]lenges )

- These five major Iimiefng factors are presently confronring )
-artificial heart developments. It must be remembereh fhat they are
‘1imiting the performance of artificial hearts with exterha] power
sources_which operate for relatively short periods. As surviva1

times increase, so will the number and.magqitude'of the Timiting

factars. ‘ \
X

Y

Longer survivals will be complicated with infection,
particularly with extracorporea1 power sburces»requiring’tranecutaneous
'\tubing or Wiring Infection has a]ready been named as the cause of
death in animals surviving up to ‘10 days by Akutsu. [59]

. Longer pumping times W111 also Tead to fat1gue of art1f1c1a]
heart mater1als Breakage of artificial hearts has been a tommon
prob]em among some fnvestigators.[sg] | |

| ATthough utilizing passive atrial f111ing'of the ventricles
to ach1eve a lStar11ng regu]at1on" of pump outputs is at present
the simplest and most effect1ve method of heart contro] 1t‘ﬁﬁy not
be satisfactory for longer terms of pumping. Kawa1[ J and'Akutsu[sgl

have both found that longer survival times are producing symptoms of -

right heart failure with an increasing central venous pressure. Even

3
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a heart with very high output (12 liters/minute) does not.prevent1
this [109] suggestiﬁg that other methods of 1eff and right ventricular
.control Tay be necessary.

The adq5§ioh of internal powe} sources alone will add
another order of magnitude to the problems. |

If all the meéhanica] and surgical-medical problems are
"solved the limiting factors of the future'méy we]l'becomé psychological,

moral and economic.



- CHAPTER V
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

-

I have described the results from a three year artificial
heart.pyogram._qA series of 22 total heart rep]acements was conducted./
with s&?viva1s tn calves up to 33 hours. This series has lead to the
identification of five major 1imiting factors currentiy facing

T

artificial heart development: ‘ . -
" . low cardiac output .
'thrombosisv ,
pulmonary complications
hematological changes
and experiment?] animals and surgica] techniques.

There now exists three challenges for researchers pursuing
improvements in tota] artificial heart performance Two of these ére
“engineering type problems. .

Firstly, there must be developed more suitable construction
materials for implantable artificial hearts. The most‘jmportant
properties that .these new materia1s will require is that they be
totally non-hemoiytic and antﬁthromboéenic._ They will a]sohhave to be
‘non-carcinogenic; non-antigenic, non-electrolytic and nonftoXic. Long
term imp]antations,wi]] also requirermaterials that are insensitive to -
body chemieals and have a great resistance t0‘fatigue A ten’year
fat1gue 1ife wou]d requ1re about 500 m1]11on cyc]es. Some of these h
‘rmater1a1 requ1rements have a]ready been partxa]]y met but the 1dea1
'mater1a1 has not yet been deve]oped and presents a tremendous cha]lenge.

Second]y, the new ideal materials w111 “have to. be ut111zed in

e’more¢§u1tab]e‘de51gn than ex1sts.today A pump1ng pr1nc1p1e will

154
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have to be deye]oped'that more closely mimics the  natural heart and
produces a more'physiolqgical output pressure-aneform. The eevice
will have to be light eneugh ang.sma11 enough to be contained within
the natura] pericardgh This hequirement is essential to prevent
venous compress1on and 1nterference with pu]monary funct1on : Nhen
he importance of all natura]vheart functions are fully understood
the duplication with a mechanicai-design will Tikely be the Teast |
difficult of the three challenges. : .

Thirdly, the surgical-medical probléms'accompanying totai
heart replacement haVé prevented the devices from exhibiting their
full potentng. More ideal experi@eqtel animals will have to be found.
. Certainly, man would be the besf experimental anime], but perhaps
another specdes.of primate could be utiTiEéd.' Wheh a suitable animal
is found, surgical-medical procedures will havelto be developed
dppropriate for the’Species. Ih particular, better methods of respir-
atory management will have to “be 1nvest19ated A

In the early h1stony of art1f1c1a1 heart rep]acement eng1neer-
fng problems were superior to surg1qa1-med1ca1 prob]ems. Todey, the

| situationeis reveréed It wi11 be\impossib1e to‘desiqnlgke nerfect
‘ ¥

artificial heart unt11 such t1me that phys1o]og1ca1 studpes exp11c1t1y

- dictate what are the 1dea1 spec1f1cat1ons and des1gn cr1ter1a These o

‘spec1f1cat1ons are being assembled through' the pooled exper1ences of
- hundreds of experimenters. Neuhope that‘the identification of major
comp]ications accombanYingftetai aktificia1 heaht hep]acements in this
- program will contr1bute to the eventual so]ut1on of some of the O
barr1ers to a c11n1ca11y acceptab]e dev1ce

r
1
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APPENDIX A - &

*IN VITRO HEMOLYSIS TeSTS

LV

Eér]y 1mp1§ntations with sac-type hearts ﬁode]s Mk II,
ITI, 1V and V\disp]ayed very hﬁgh'hemo1ysis indigated by p]ésma

. hemoglobin 1e¢e1s of up to 335 mg.%. In most cases, the ventricles
filled poorly resQlting in continuai rubbing of opposingusac walls
during systole. The méchan%éal trauma-caused by the rubbinghwas

suspecfed of being the major source®f red cell hemolysis.
. :- é‘

’ ‘ » S
To confirm our suspicten an in vitro circulationfwas.
. @ - «‘.,* ~_A

constructed. using one ventricle, a compensation sac to somewhat

- simulate systemic resi%tance and a flow meter. (Fig. A.1)
) ' |

- 4

’y‘ ) L .-

. oo v . ) « . B " - . »
. Fig. Al .Infvitro5hqmolysis'qsging:apparatus;
'\ NN ' o . . Y . -
& - TS -
N "i € o | )
] v.l )‘.‘
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. ‘ ' : ' .
The device was filled with fresh heparinized or A.C.D..blood,
immersed in warm water and connected-to the timing device. The

priming volume of the circulation was 400 ml.

A

' A series of tests was”®un using.different dri vihg’ pressures
ahd systolic durat1ons In this way“the ventricle could be controlled .
to pump with or wi thout rubb1ng of opposing sac wa]]s |
Hemolysis was eva]uateq by samp11ng plasma hemoglobin
everyv30‘minutes. ‘In order to extrapolate the in vitro cénditions '
f )

" to . in'vivo conditions, the following expression was deyeloped to

e i .
. . . | —

estimate equivalent pumping times:

Test (Texp) (vvivo) '(Fexgzr (Rexgz: (172) . | V, »
(Vexp) * (Fvivo) (Rvivo)
Where: Test'\= esfimated in viVo pﬁmﬁing time o
Tékp - experiTenta1 pumping time - g:”, f»%
Vv%vo =’anjma1 bJood v&]gme -
’ / .Vexp =,pf1ming volume
'Fvivo = an1ma1 blood f]ow rate .; .
‘ 3 Fexp“ = exper1menta1 blood flow’ rate ™~
1 "‘ g ARVivo'z animal heart rate '
ReXp = experimental rateA  v

(1/2) éccounts for oﬁl& one ventricle in the
mock circulation. . ,
‘For eXnglgisthé exbérimenta] 5umping time f?gmig three’ -

hour run was extrapo]ated to human‘cond1t1ohs

1 2

‘ e ”Test {180)" (5 ) (54__8_) (120)"4(1'/25: 36_h0urs‘.
O E T T w6 ‘(;7—5)
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Therefore, one hour pump1ng in the in vitro c1rcu]at1on

rpanQpnted abnuf ]2 hours of pumping in vivo in an adult human.
. . \

-~

By expressing the hemolysis rate as a "hemolysis index" it
was poss1b]e to compare the indices under different pump1ng conditions.

. The hemo]ys1s index = experimental hemdlysis - (gHb)
estimated in vivo pumping time « (hr.)

The indices increased with increasing ventricular driving p¢essure

and in’c'reasing rate. (Fig. A.2) ‘

PLASMA HEMOGLOBIN LEVELS AT
DIFFERENT PUMPING CONDITIONS

: » ' . 120/ min, .
0 o 5 Pre;sur/ié%o mm Hg '
. | / 120/ min.
- : A ;oPressure 60/45 mmHg
£ 30 4 \ o7
~Z'l . : 1 /.‘
) S \
S : A S ’ ‘
8- i 7 80/ min )
.= o /Q ' "
S04 _ , - | U Pressure 7%0 mm Hg
= /// , ' : <
N é // g , : . .
; ¢ y \
100‘* - V4 . ‘ 1
. / :
/ ///
/ . : .
- / : .
"0 - — - . -
0 o1 w2 '3 4 5 |
\ ’ " PUMPING TIME (hours) ~ L )
- - ‘ ’ Y A ”' " - s . °
. -3 e - K r,‘ s - -

‘s

ig. A2 Increased driving pressure and.1ncreased
: rate 1ncrease hemo]ys1s
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Both higher pressures and higher rates increased the sac \
rubbing. Although increased driving pfessure c&uges higher shean
stress in the blood and greater blood velocity it appeared that the |
saf:rubbing was the major cause of the hgmo]ysis. : |

When oppﬁsing sac walls did not fouch, the Hemb]ysis index
was'és‘%ow as 4 g. of hemoglobin pef 24 hours of bumping. Sincé the
human bédy can produce up to 8 g. of hemoglobin every 24 hoUrsf the

hemalysis cauded by a sac-type device whose opposiég wa%ls did not

touch migﬂ;,be acceptable.



APPENDIX B
THE DEVELOPMENT OF A PREBIOLIZED NATURAL RUBBER

From the evidence of clot formation %i&hin the Ventricles
of ear]y sac- type hearts it was ev1dent that natura] rubber a1one
was not antithrombogenic. Ima1[ 9]demonstrated that natural rubber.

¢

cou1d be made mdre antithrombogehie by bonding protein to‘the rubber
usurface. ' ,) )

In an effort to improve oun own rubber we prepﬁred 400 test
.samples~of varying proport1ans of 11qu1d 1atex Hepar1n and ge1at1n
Some of the samp]es were also treated e1ther w1th heat or cross- 11nk1ng
agents such as forma]dehyde glyoxal and g1utera1dehyde Each samp1e‘
C,was f111ed w1th 5ce. of fresh b]ood obta1ned d1rect1y from the ; '

\ g
carotid artery of an anesthet1zed dog. (Fig. B.1)° ) e
. . - - d , Sl

.\ ) - c. A X ) ‘v B ‘ ...»

-

F{g;vB;1 The clott1nq t1me of fresh canine b]ood was measured
n samp1es of pre b1011zed natural rubber..

» Y ‘ ' . P

A
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‘

] A N
The method used to determine the antithrombogenicity of the

surfaces was to record the time of formation of the first recognizable
fibrin fibrec with the sample cups. . When fibres weie Jarge enougit Lo

be p%cked up by a stainless steel needle, the “clotting time" was

recorded. Clotting times were also measured in natural rubber alone and

glass by the same method for contro]s

+

Liquid latex with SA Hepar1n and 5% ge]at1n has a clotting
time about 4 to 5 t1mes that for natura] rubber alone, H1gherf
conCentrationgknf‘protein weaken the rubber. By heat téeatiﬁg the N
sdame samp]e the clotting time could be 1ﬁcreased to 6 times that ‘of _

T

naturah rubber a]one Further chem1ca] treatment of the samp]e

r1ncreased the c]ott1ng t1me to 30. m1nutes, about 10 t1mes that of ‘
natural rubber. (Fgg B.2) ‘ - !
’ CLOTTING TIMES OF TREATED AND H B
UNTREATED NATURAL RUBBER ' -

Natu ral rubber

Biolized natural rﬁb'be,.r | 2

- A -

»

Heat treated o - .
blohzed natural rubber ‘

- -
3

Heat tréated |
cross -linked '

‘.A.:'. ‘ .. L
~ CLOTTING' TIME (minutes) . e
Fig. B.2 The-clotting time of natura] rubber was ‘increased

' 10..fold by preb1911thg L » ‘ s

. l

.
..\‘G‘
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plmprovement and the preb1o11zed rub er was used to fabr1cate the

ST
& The Lee-White c]btting times were 8-9 minutes for natural

-

““rubber alone and 60-80 minutes for the heat treatedi cross-linked,

picteinized latex. | )
. -: ' .
- Prebiolized and natural rubber grafts were implanted into

the carotid arteries of dogs ‘to compare them under in vivo conditions.
(Fig. B,3)

o4

P

Fig. B.3. Preb1o11zed natural rubber grafts were tested
’ 1n vivo. .
Pure natura] rubber grafts wou1d occ]ude w1th1n 80 m]nutes wh11e the '

A

..
FSEERY. v

{

™

treated grafts rem%1ned patent fqr 300 to 400 m1nutes. R é(lﬁf'f'w

The 5 10 fo1d 1ncrease in c]ott1ng t1mes was a cons1derab1e

& ».,,v'

sacs of the Mk VI and Mk VII hearts




_APPENDIX C. .

HYPOTHERMIA ~ R N
N . ) ‘\

[

We believed that cardiopu}monary bypass may trigger many
" of the pu]monary comp]icatﬁons, blood damage and depressed peripheral . -

~ vascular response seen in all early implantations. The use of deep

. ’J

hypothermia (19-22° C) wou]d'elinﬁnate Cardiophlmonary bypass and -

S

possibiy: the accompany1ng comp11cat1ons

Three calves rece1ved Mk VI sac- type hearts under deep
hypothermia with circulatory arrestﬁ T ". o U -

»
3

bi + ~ . f,
Th1rty m1nutes a#%er premed1cat1on w1th Tr1f1uproma21ne,

‘ Surg1ca1 Procedure Un1que to Hypothermia

0.3 mg/kg . and Atropine, O. 015 mg/kg », halothane wag'used for 1nduct1on
and 1ntubat]on. The anesthet1c ]eve] was maintained at the thlrd o
stage of anesthes1a durlng ‘cooling. Catheters for arter1a1 and}venous
pressure mon1tor1ng, b]ood samp1e and fluid adm1n1strat10n were o |
1nserted through the femoral vesse]s Electrodes for e]ectrocard1qgram hif
' and e1ectroencepha]ogram, therm1ster probes for- m1desophagea1 and |
m1drecta1 temperatures were p051t1oned The an1ma1 was then 1mmersed -
:.:11n a’ tub w1th 1ce;and‘water in tge knee11ng p031t1on Rheomacﬁiagz
 10% 1ow mo]ecu1ar We1ght dextran 10 ml/kg s was g1ven 1ntraVenous]y
'>;dur1ng the coo11ng per1od when the recta] temperatures were between:.73_
a35° -and 28°> C.. At 28° C recta1 temperature Tr1f1u0promaz1ne 0. 3. mg/kg s’
J\\and Hepar1n, T mg/kg , were g1ven 1ntravenous]y’ After “the body "”,s g?-”
‘temperature f 11 bgTow 28° C, the an1ma1 was vent11ated manua11y and

\ L
a]othane was decreased from 0 -3 to 0 5% Coo11ng was term1nated at :



vy

a rectal temperature between,24° and 21° C. (Fig. C.1)

Ve

.

e

Fig..C.1 Ca]ves were anesthet1zed and coo]ed to 20° C in an ]
S ice water bath o - .

;o N ".
T _ . .
» )

Lo The an1ma1 was hypervent1]ated to producefresp1ratory a
';to c1rcu1atory afrest After term1nat1on of coo]1 g
temperature usua]Ty dr1fted dde -to between 18° and 20°,_,
arrest time was approx1mate1y 50*m1nutes.ﬂ About Pne m1n‘le before
;:v i;ﬂ i‘beg1nn1ng art1f1c1a1 heart pump1nq, the anlmal was mec '

vent11ated at about 4 per m1nute., After comp%etTon o_ the surglca]

)

'knee11ng‘pos1t1on. Hypervent11at1on was emp]oyeﬁ dUr1ng rewarm1ng

v

procedure, the an1ma] was n]aced 1n a tub of water at‘ 2° C 1n thF :

1734

v

-7
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but correction‘of‘écid-basetimba]ance Was genera]]y not necessary. ’ B

Rewarming’ was term]nated at a rectal temperature between 35° and 37° c.

(F1q C 2) i » . ) i ) = a .
¢
s R ° . ‘( ‘b N vy, “,9 !
. _.__Cooling Cardiac Arrest - _ Warming .
100
» 80&3 ’ L
. " & _ Esophageal temperature
’ § - —— Rectal temperature
0 £ , .
~ ‘ t /
.9 2 >
. ‘324 g
T ¢ <
- A "_é’. 284
‘ L -
'Qh v . A ;'k'a_J— .
N .
-~ 4 ) 24 -
; SO R
AR P
L X ¢ ", N 0 . S 6 j?
N J .
el o g * TIME thours)
© ‘v ‘ f
P i \ . ' T ‘ o - e
Fig. C.2 Typical body temperature gourse ‘during heart s
transplantation with deep hypothermia. .
. : : I
" The hypothefmia technique was not troublesome as a method
| : f ' | o '
of,dheart replacement. Although the skin to skin time was shorter
than. with cardiopulmonary -Sypass, the operation was considerably
longer due to periods of coollnq and rewarming.
s Al1 three animals were sacrificed gue to 1ow cardlac output
< ' 3 / 3
N and metabolic acidosis. Postoperat1ve recovery Was usua11y fair with -

XY
I
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spontaneous breathing. Average survivaf time was 9‘h5ﬁrs. There .

was no reductign in blood damage over cardiopulmonary bypass. Plasma

hemoglobin levels rose rapidly and platelet count fapjdﬂ]y decreased,

{Fig.-C.3,,C.4) - PLASMA HEMOGLOBIN LEVELS
- USING DEEP HYPOTHERM{A
% 607
E N
> ;
)
S 40
O
o
2.
T
S04’
w
/ < g
Q- -
'0" T .. ‘\'. T 1
. -2 0 | 2 6, 10 14
PUMPING TIME (hours). =,
Fig. C.3. Hemolysis showed no reduction with hypothermia.
_" 500 1 J ' ' 2 » »
E. -
O 4004 _ PLATELET GOUNTS
> USING DEEP HYPOTHERMIA
%
=
s
\1.' : 0 T M - - T ™ )
2 0 2 6 10 14

:

\

|

PUMPING TIME (hours)

Fig. C.4. Platelet loss was excessive with hypbthermia.
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~

Azﬁgost~mortem, lungs we;e less copgésted than seen in p}evious
experiments. ~ X

. Although.the use of hypothermia showed to be-an.acceptab]e
fteéhnique for artificial heart replacement, it diq not produce regu]%s

superior to those experiehced using cardiopulmonary bypass.
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EXPERIMENT #7

CALF  SEX: MALE WT.: /55 KG.

. PROCEDURE :

ARTIFICIAL HEA
P
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CTABLE 111 CHRONOLOGICAL RECORD OF EVENTS EXPERIMENT #7

Atropine 1.2 mg. Vesperin 12 mg.
Face Mask - Fluothane
Intubation
Femorat Cutdown
Begin first unit of blood with 100 cc. bicarb.
Catheterization of bladder attempted - unsuccessful
Neck cutdown
FA 110/80 :
Begin open chest - lungs appeared s1ightly scarred (pneumonia?)
FA 60/40 ‘
Azyqos. tied &S
Open pericardium .-
FA 70/50 . -
Take 20 cc. blood. for pre-c]ott1ng cuffs
18 cc. Heparin given
Preparation for bypass
Used size 26 cannula in neck
10:10 Atrium clamped
10:12 Suction on
10:13 Partial Bypass FA 40 Flow 3 L/m1n
Vena Cavae clamped | - : \
Aorta :and PA clamped ' ' : :
10:14 COMPLETE BYPASS -
10:15 Body temp. 37.5°C
10:18 \Pulmonary artery resected
10:25 Suturing R. atriad cuff to R. Atrium
10:35 Give 1 bottle blood with 100 cc. bicarb.
10:40 ~Suture left atrium - Cardiac output measured at 6.796 L/min.
o : : (at 9:30 a.m. before chest open)
10:53 , Art1f1c1a1 heart completely connected - prepare to go on pump
Rortic pressure 25-30 .

O WD LWO WO o oo
.e *e o *® o0 e ¢ e evw

WWN DTN WO
W SN ®PONO

O W W
“s os se e»
[SoRE R IE 0 =
O ~d;

—
o
[an]
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.
.

10:54 Priming of Pressure Tines. S
o Body Temp. 37°C '
11:27 Superior Vena Cava Aorta unc1amped - Partial Bypass

11:28  Heart On partial - tra sfusing blood from bypass unit
11:30 OFF BYPASS PA-40 -LA-5 RA-+7 FA-90/50
11:34 BTood gas sample taken

11+40 Given 20 cc. Protamine

-11:43 Given 10 cc. Calcium.
11:50 - Calibration of cardiac. output - SV - 50. 9 .
12:15  Given. 9 cc. Protamine : . .

12:25 . Begin.close chest =~ _

12:45 - . . Blood gas sample taken = . '
12:50 . Give 1 bottle blood with 100 cc. bhcarb
13:00  Tidal volume - Soqt:i. -50/50 air mix

o Move to cage top

~14:05 T dmp. Tasix given—and 1 amp ca1c1um.-

14:17° .100% 0, on Engstrom Respirator .- ‘on for less than one hour
Vacuum applied“to both sides of pump = : L

14:20 PA-27 LA - 3 RA-3 FA-120/80 ’ g e
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. ' .
\h4:30 . Blood gas sample taken }//(/

15:00 ° Head up - 3 hours postopeart1ve1y
15:15 Body temp 38°C

15:18 500 cc. Reomacrodex LV. !

16:15 Calibration of cardiac output 800 cc. blood
16:30 +  Tidal volume 500 cc. 50/50 a1r mixed R.R. 20/m1n

. Clotting time more than 60 minutes -
- 18:00 Blood gas sample taken ' ,
18:48 1 amp. lasix 600,000 pen1c1111n - a

Moved vigorously - tried to stand up
19:45 Blood gas' sampTe taken

20:50 Vesperin 10 mg. intravenous

22:30 Blood gas sample taken

00:30 Moved vigorously : y
1:00 Vesperin 8 mg. Pressures, Gas examination stable,
2:00 Systolic and diastolic pressure s]ow1y going down

. , Hct.= 18 - Hgb, - 5.5
2:30 Blood gas sample taken
Body temp. 37.5°C - ,
Blood transfusion 1000 cc.

5:00  Pressures and blood gas stable
- Urination 200 cc. Body temp. 37.5°C - Y
7:00 Bowel movement - firm.  Urine output 100 cc.

Systolic and diastolic pressure go1ng down - 100/60
_ No diarrhea.
7:30 Vesperip 5 mg. Almost stood up

9:00 Blood gas sample taken - ‘

: : Ca11brat1on of cardiac output 1 amp. 1asix Body temp. 38.5°C
11:45 ‘10 L. 0p." 4 L. Room Air T.V. 700 cc.

12:00 - Tidal volume 700 cc. 14 L/min. pure 02 going into shock

. /13:50 General condition better.” Head lifted up.” Gas examination
» very good. : Pressures all well. Giving noradrenalin with N
. continuous drip from I.V. ° . o
14:00. ~ Blood gas sample taken . :
15:25 Major convulsion occurred o ¥
17:00 - Femoral Arterial pressure was: 100/56 mm Hg.
: . Noradren%q1n with continuods drip I.V, Lifted head, tr1ed
to stand /several times.
.+ Cardiac output 3.5 L/min. Stroke volume 36 ce. T
18:00 No urination for last 10 hours. ' '

18:50 - dy temp 38.5°C -
-°19:30 . 335t011c and d1asto11c pressures gradua]]y decreaéﬁng
n>20:10:_' FA 60/20 - Blood gas samp]é taken
©+20:15..° "4 amp. noradrenalin added in 1000’'cc. of 5% dextrose
-20:30 -~ Much liquid from trachea (pquonahy edema)
20 45 ~ Dead - _ B .

Tbta1 Bypass} 33'hours and,JS_minUtes ot R

H
g
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TABLE 1V ©_ PERFUSION RECORD - - EXPERIMENT #7

Oxygenator: Traveno] 6LF . L L Ca '<§/~

{7

Oxygen Rate: 7 L/min,

Bypass begun 10:15

TIME FLOW - FLON  TEMP. - ARTERIAL
ce/min. cg/kg/min, °C."  -PRESSURE.mm.Hg

10:15 3000 ',_' VI 38 . _’,,]"’40 |

10:20 3300 | 55 38 .50

10:30 3000 50 | '38' 50 -

10:45 3000 50 3 45

11:00 - 3000 50 38 2

s, 00 50 37.5

Bypass stopped 11:30

Total bypass time 75 minutes.
Heparin 18,000 I.U.

Protamine 29 c.c.

“\Venous Cannulae #26 & #28 Bardic Caval

L

Arterial Cannula #18 Bardic
‘ : ‘ ) LS
Prime 1200 c.c. Lactated Ringers and 5% Dextrose
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 TABLE V - | LIQUID BALANCE RECORD | EXPERIMENT #7

. Time  Blood™* Liquids - Drugs Loss of Urine
T cc. | CCuw . : BYood cc. - CcC.
11:30 500 5% Dextrose .
©17:40 ' ':7 iO‘ccha1cfum o
. 20 cc. Protamine
. ]2:71"5» o -.:,,9\'vc'c.”PrG'ta.m1:he‘ o
’12-505' 700 100 c¢ Bicarb.
1 05_ 1 Amp. Lasix
14:30 . ™ cc Calcium,
- 15:00 100°Lact. Ring. . &
15:18 100 Dextran 0
16:15 500 | 50‘cp_Bl€’rb.
17:45 200 Dextran ’ ’ -
18:45 | A Amp. Lasix - ;o
' 600,000 I.U. o
/, - Penicillin 2000+

19:30 1000 5% Dextrose |
Zb:SO ‘Jb mgi\Vesprin'

2130 © 'S0 cc. Bicarb. !
22:30 50 cc, Bicarb. 400
1:00 5 mg. Vesprin
'2:06.’v 10 mg. Vesprin -
© 2105 600,000 .U, -~

' | ‘  ’ Pen1c1111n |
 2:.50 1000 30-mg. Heparin
R SR 50 cc BiCarb '
, 5:00 //f1000’5% Dektrose'f 40 m Eq Potass1um o ,
: S ~ .Chloride - o
! , e <7 100 cc, Bicarb— \ 200 -
7:000 | | 100



. . \ . ) . . . . . . - .
- . N . E - »‘ . B ) o
. LR i L LI . ., o .
. - : R . ! * . ‘ e

. 183
LIQUID BALANCE RECORD (Continued)
Time - Blood Liquids o Drugs - Loss of  Urine.
cC. cc. - R ‘Blood cc. v
9:00 Lo e~ T ]!Amp;‘Lasix , -
10:30 7000~ | N 100°cc Bivarh. -
12:00° 1000 T 2t A, Noradrena11n? )/ '
_ : - * .. - 100 cc. Bicarb y
u300 mg. So]umedro1 I
15:00 0 1000 - " 2 Amp.Noradrenalin ‘
~ . . 100°cc. Bicarb.
16:55 250 mg. Solumedrol . |
19:45 - . 500 mg. Solumedrol-
19:50 0 | 500 mg. solumedro1 A |
20:05 S 70 cc, B}carb
20:15 - .50 Lact. Ring: . 4 Amp Npradrena11n‘ .
Total 4900 ‘2950 e S vzoo,’.; 2700
*1000 ml. consists of 650 m]. of who]e b]ood 250 m] of A.C. D so1ut1on,
-and T00 ml. of sodium bwcarbonate solution. S 7 .o

S

&\

2]
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s TABLE_VI : BLOOD PRESSURES AND FLOW RATES - _ EXPERIMENT #7. ‘
o ' C.0. " S.V. . “Rate .

-1s . Fem. ~ ‘
Ijme LfAi R'At 3 P'A‘F +L/min, cc. Per min.; .
< . \ - )

mm. Hg

< P

9:30 : _ L . 6.8 68 - 100
. +11:30 90/50 5 7
- 11:50 ' ;
,  12:00 100/40 - 3 7 30 ~ L
7 13:00 100/50 0 6 .35 ' B
14:00. 102/65’ 0 3 28 3.3 .- 38 80
2 3 - C

.- 40 . . S LT ,
| 4.4 ° : 8] 80t

©. 14:20 115/78 .
15:00° 132/92 - -2 0 - 28. B S
16:00 120/90 * - -5 0"~ -2 . 30 --.35. " 80
. 16:35 .128/94 -2 7 D 3.4, 40 87
- -16:50° 190/92 2 7 T
- 17:00 130792 .8 6 B2 T T
~. 17:05- 124/88 . -2 17 725, 36 - 753, - .68
17:30 130/92 / "-3 . 7 29 _ - o4
- 18:30 130/95/° -3 . - 13 -0 23 - 102
©19:00 132/98 - -2 7. o ~ '
120:00 - 138/98 - 5
..21:00 "130/90 5
":22:00  130/90
23:00 135/94
- 24:00, 135/94
1:00™ 130/90
2:90 ' 116/80 .-
©3:00 118/70
74:00 120/78
5:00 120/78.
'6:00. 110/64 -
~.7:00 105/64
/8300 105/56" -
./ 8:008 -110/52
~/710:00 100/50 - .
-/ 11:000 100/50
24 12:00 80720
S/ 13:00. 90/46
~.14:00 '100/60. .
- 15:00 120/80 \
~.-16:00°-110/60 -

. 20 T

Fooig cas e s a)

- 17:00- 100/56 & 12 32
©-18:00 -110/92 15 40 3.5 37 94

19:00 100/60°
- 19:30 80740 -

'20:00 60/20 S0, B

20:35 50/15 <10 o s0. .
' 20:45 24710 =20, <5 - g0 L, .

w‘r\:mmc\vl\)‘m\nw;\:‘\lmmmgnw;mmwo_o‘oo—-ow
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EXPERIMENT*#7- |

o PH . .p0,  pCOZ™ Ho Hct - Platelets .R.B.C. _ W.BiC.
mm. Hg mmfﬁ@ mm. Hg g.%. % /c.mm.x 103 /c.mm. x 106 /c.mm. .

-

3

TABLE VIT . BLOOD EXAMINATION

10:00 A7.70 250 15 “ 10 30% . .'540 2500
_ V7.3 21 22.5. o
10:30 L - 7.9 23 - 268
11:45. A 7.50 310 . 25 S

12:45 A 7.43° 365 34,
GV 36 45

2500

.5 7.2 2 - 230 5.15 2700
“7.2.21 180 4,94 - 2200

14:30

" 16:30° 6719 16 .66 . 3500
‘>i8:0b_ | | |
,19:30 62 18 BT 204 760
21:30 5716 08 3.84 9100
:‘_22:307- |
o 23:30 5.2 15,5 ;f ;~98 ' N r3,53'&' 1§boo .
o 5.3f15§) ' _'1ﬁb-' f43;59v> 19000 .

L 2:300
| T

“;_>5500 

o
o
A

> o

s
o

LT k19 82 46, 5300

(3, ]
O
o
(85}
~

9:00

50
3
5
2
5
4

3

1

0.

1

2. 415 40
]

6

"vi]§3o

  ’12:30?  ”'827' o0 F : ]Ssv.' o 4.72 ,7‘17QO R

14:00

. i
W B

o 15:000



- -
| BLOOD EXAMINATION (Continued) - N
Time PR pOp  pCO2 .-Hb Hct  Platelefs - R, 8:C. _ W.B: ¢
o mm.Hg  mm Hg mm.Hg-é; g.% %  /c.mm.x 10 /c mm. x 10 /c.mm.
- L ek v et !

17:00 A 7.35 335- 30 .
ST v7.25 45 43 .
18:00 - . 8.6 2% ' 50
20:00 A 7.04 55 54 - oo
V692 25 79
. 20:30 A7.03 “52 60

’.\ ..
TABLE VIII 5 PLASMA EXAMINATION':'»l.‘ " EXPERIMENT #7 ~
- PlHgb.o TP Je - Glucose
Time o Cng L ogw . MEo g
10:00" 6 4.3 0.3 50
10:45 8 5.4 Q.2:1 400 - '
13:30 18 4.5 0.2:1 % .,
14:30 ¢+ 15 4.4 0.3:) ns - |
16:30 44 4.9 0.5:1 . 135
19:30 . 87 4.9 % 0.311 135
%7:30 90 5.2 ©0.3:1 - 168
23:30 94 8.2 0.6:1 183
2:30 108 4.0 ©0.5:1 124
7:30 . . 54 "5.3 0.2:1 .45
11:30 43" 42, 0.4 39
15:00 - 24 5.9 0.2:1 . 16
18200 12 8.4 - 0.4:1 16
. Voo : . . - .."
L P
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SUMMARY (DR. T NISHIZANA T

| Upon gpening of the mid sternum the ;\hgs showed pneumonia
scar in the upper and lower lobes of both sides. ”ImmeQiateTy after
‘the operation, the énima] uas placed on its knees while stif?}on'the
table.. The animal was p1aced ‘on mixed air ventilation. Three hours
post-operat1ve1y the animal raised his head. About six hours after
the operation, the'animaT\tried to stand up many times and goved sQ
vigorously that Vesprin had to be given. The general conditfon'was
‘good but the cardiéc output was about 60% of pre:operétive volume.
Twenty fourthours post-operatiyely, both systo]it ano diastolio
pressurgs wereidistinctly oecreasing Noradreha]in was given contin—
'uOUsly until deathrﬂs twenty e1ght hours post—operat1ve]y, the o -
: animal had its first maJor convu]s1on without any prev1ous minor
convulsion. There was no ur1nat1on s1nce the twentieth hour post op.
Th1rty hours post operat1ve1y the animal was st1]1 trying to stand up
-and lifted its head up, w1thout any difficulty for a few minutes.
Thirty hours post-operat1ve1y, the arter1a1 pressure gradua]]y decreased,
'even though noradrena]1n was bewng g1ven Th1rty three ‘hours post- op-

much frothy fluld flowed out through the endotrachea] tube.



o

Brain

' the medu]]aFy"réys"and medulla upon bisection.

188 -

PATHOLOGY "REPORT (DR.. T. NISHIZAWA)

A

+/

Macroscopic findings: Cerebrospinal f]uid'was clear. Cortex
showed moderate edéma: Macroscopic HéﬁGrrhagé not seen in the gray
mattéf buﬁ.a lot of sma}] dark spots seen jn the white mattér.

i Mic)uscopic findings: mic;;sc0pic hemofrhagic foci seen in the
supekficial cdftex. Much edema,fchromatosﬁs; and pyknosis were seen

throughout the cortex, "Fibrin p1até1et thrombi" were occasionally |

" seen in the gray matter and mildlcongéétionjor s]udging‘was:séen in the

. white matter. The thrombi surely occured.ﬁrémortum, (They probab1y7did

not result from emboli but it was sti]1\unc1e?r).

\

Lung * ' .

Macroscopic findings: The right upper and the left lower lobés
showeq atelectasis, and the other'lobes showeé.éongestion and edema.' f
None of the lobes appeared normal. On §ection,‘copious frothy fluid
flowed out.

Microscopic findings: Severe congeStion and intraalveolar edema

observed. Pulmonary arteries and veins were dilated, and contained .

compact masses gf RBC's. They also sHQwed'"fibrin platetet thromBi". ¢

Kidney

‘Matroséopic findings: The entire surface was dark red as were

- ‘

-

“Microscopic find%ngsfv'G]omeru1i were blopdless and swollen but

Bowman's capsu]evséeméd‘to be normal. Compact masses of RBC's were seen

“in'iﬁtérstitial‘fluid separating the fbnvo]uted tubules of the medullary

-
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. . ' " ‘.“ AT /
- rays. The numbers of nuclei in the cells of the convoluted tubules

— A

" were decreaséd and some of these nuclei were swollen. The canals of
the cohvo]uted tubules were ébstructed by. eosin stained material. The
cana]s'of the medu]]aryafo11ecting ducfs were obstructéd by masses of
RBC's.. ‘

These findings indicate "Tlower nephron nephrosis".

Liver
Macroscopic findings: slight .edema, rio hemorrhage. The color
of the surface ‘was normal.

(4

‘Egproscépic findings: Liver cells had some vacuo]iiation;(not
;ertain whether fat or fluid) pinocytosis dﬁs—ebserved in the cells,
which might §uggest hypoxia. The sinusoid arteries were nofma]
Almost a]] centrilobular veins and some portal veins were dilated and
conta1ned fibrin nets with adhering RBC's and mono- nuc]eated ce]]s

These~f1nd1ngs may suggest original thrombus formation.

Spleen
| Macroschic.findings: Hemorrhagic spots (3 x 3 mm) were Sspread
over the entire surface. Tﬁé‘bisections'appéared normal,
Micfoscopic findingSQ Ffbrin nets resembled those seen‘in
vessels of phe‘]iver A few hemorrhag1c areas were seen in the outer

‘part of cépsu]es, but not in the parenchyma

i
i

Other : A )
In short, "disseminated intravascular coagulated states"

occured in all microcirculation,

B



'EXPERIMENT #23
CALF 'SEX: MALE WT.: 81 KG.
PROCEDURE: ARTIFICIAL HEART

MODEL MK XII .

SURVIVAL TIME: 33 HOURS

190 .



. 12:30

g

18:00

TABLE IX

8:25
8:50-
9:35
10:00
10:03
10:09
10:15
10:22

10:39
- 11:09

11:10
11:15°
11:20
11:30
1%:40
11:42
12:05
12:20
12:22

12:30

12:31

12:33 -

12:41
12:43 -
12:45
12:56
13:13
13:25
13:52
13:55
14:10
14:35

14:55

15:05 -
15:25
16:15

20:00
24:00

01:00

191 .

s

~CHRONOLOGI CAL RECORD OF EVENTS _ EXPERIMENT #23

Premedication - atropine and vesprin.
Face mask - Intubation

Begin neck cutdown for pressure lines
110/80 FA

I.V. with 5% Dextrose Lact Ringers started
Begin Open Chest

Take first blood sample

Prepare cannulae for bypass

Heparin In

PARTIAL BYRASS

TOTAL BYPASS

Begin excision a&f heart

Blood gas taken Body Temp 35°C

R side anastomosis complete (cuff) v
1 unit blood with 100 cc.bicarb given -
L side anastomosis complete (cuff)
Blood gas - whole heart anastomosed

1 amp bicarb to pump

. FA 60, Filling heart - o TN

Part1a1 bypass (R) side on

Clamp venous 1zn§ - open arterial line (L) s1de on

High pressure (R) side - Bypass OFF Less than 1 min. between -
part1al Bypass and off bypass

HEART ON 60/20 FA

FiTTing nicely, bloqd gas taken . \\\\-
80/30 FA Transfusing from pump ~

100/60 FA | NG

High P.A. pressure (50- 55) , \\\\\;\
FA dropping 70/50 - transiéent high venous pressure .

..

120/60 arterial pressure dropping off slightly : T

“Whole Blood sample - 2 amp. Bicarb given
2 amps Lasix - Protamine 500 mg and 4 amps cal. Gluconate given

1 amp Potassium

100 mg. Pretamine .- Beg1n Close’ Chest :
Chest Closed - C]otting timé*14 1/2 minutes.
Blood gas '

Catheter1zat1on

.In Cage - whole b]oed samp]e —*eye movements - good - sh1ver1ng

Lifting head sTightly - good eye reflexes
BP 120/70 -Blood gas taken - C]ott1ng time 8 minutes.

-Timing machine skip-1-2 beats - good pressures

Tidal volume 100-50 cg.

. 'Body temp 35°C - poor spontaneous breathing
.. 'On Bird Resp. with SdZ\Qf O% and 50% of room air
18:50 - W

Bird Resp. was stopped for two minutes, and the an1ma1 began
to breath spontaneously with 300 cc. of t1da1 vo]
Tried to stand up. many times.

“Body temp 37°C - trying to stand up. Tidal vo] 4&0 cc.

Liquid balance was as follows:
Transfusion of blood was 3300 cc., 11qu1d was 300 cc., 1oss

* of blood through chest drains was 400 cc. and vol. of urine

: after operation Was 2400 cc.



6:00

- 10:45

13:45
14:20
15:10

15:15

16:00

20:00

O
20:10
20:23

20:50
21:00

21:05

21:10

',giving
“Almost s
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-

PH was sometimes controlled by sod1 mbicarb., Arterial p0Op

- and pC0, were excellent. However, dome Tow cardiac output
.due to some Tow venous return was s spected from the point

of venous pOp levels.
Whole blood clotting time was controlled by administration of
calcium gluconate. Clotting time decreased 12 minutes -after

od up - cannot support h1mse1f ,. )//

One more tYme almost stood up.

Allowed tolbreathe with only room air - 10 mln Later -
arterial 7.45 v
Nasal oxygen 6 1/min. w1th spont. breathing T1da1 Vol.'’
400-500 cc. From result of blood gas exam the function of
gas exchange in lung gradually deter1orat1ng

. Animal stood completely.. *

Arterial p0, was over-100 mm.Hg. with spont. breathing

pH was controlled by sodium bicarb. ' A.P. was 130/70
Muscle f1br111a§]on around forefeet oo

Arterial pressure decreased to 110/50 mm.Hg qu1ck1y
Convulsion . A.P. 100/40 mm.Hg.

On Bird Resp. and then A.P. increased to 120/70 mm. Hg
Spontaneous breathing - A.P..120/50 mm. Hg L

Pupillary light refiex was s]ugg1shq .
~Arterial pressure decreased to 100/40 mm,Hg. and pup1]Tary
light reflex was almost absent.

The size of pupil increased and a d1asto11c pressure was
20 mm.Hg.  The Bird Resp. was continued and heart action-
was not stopped, and then the chest was redpened and

explored. Both lower lobes of lung showed some loss of

~compliance and left upper lobe was stiff due to conges tion
- and hemorrhage. - The r1ght upper and m1ddle lobes were
-moderate]y stiff. .

J

.‘ . .
«j o ] ) B »
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TABLE X' . CORD_ . EXPERIMENT #23
Qxygena}or: Bentley , . _ \j ‘i\f$*7‘*“v-;\\\_
' S \ : : )
Oxygen Rate: 10 L/min, o N :
[ * Y . o \ '/:
Bypass begun 11:{6 : 1 g
: { . _ ‘
. R _ ‘ ) .
TIME . FLOW FLOW 'TEMP. | ARTERIAL
. cg/min.. cc/kg/min, °C. PRESSURE ‘mm.Hg.
11:10 4680 57 37. 45
11:30 . 2840 35 % “40
. 12:00 4140 51 38 a0
Ci12:0 0 4380 54\ 88 . 75
g T < .

Bypass stopped 12:15

}fTotal BypaSS'time 65-minptes. o
Heparin 45,000 f>%;/ .

 Protamine 600 mg. o
Venous Cannulae #26 & #28 Bardic Cdval

Arterial Cannula #20 Bardic |

‘ o _ o N N o
Prime . 1500 c.c. Lactated Ringers and 5% Dextrose -



194
TABLE XI  *  BLOOD PRESSURES AND HEART RATES EXPERIMENT #23
-
L 12:30 0 80/40
13:30 deo/s0 - v
1430 - 110/50 0 04
16:00 110/70 3 -
18:00 130/90 5 B
,fxgszoo 140/96 | -1
'Elido B k71 R S 94
2400  120/0 - 0
3:00 o0 -0
600 - 110/60 s ,-‘4' ;
©9:00  110/60 A - 9
Cz:00 Y. 120780 . 3 S
-  15:00'- om0 2
1800 . 130770 3
20:00 . 130/70 4 94
205 120750 "
Y 030 100740 ©
a0 250 o i ey
a0 omose i B .}-
Caw0 sy 3

!’

*
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8 5.15,:30 :

- -80 Bicarb.

°

, N
TABLE XIT LIQUID BALANCE RECORD EXPERIMENT #23
Time Blood Liquids Drugs ' Loss of Urine
cc. cc. Blood cc, cc.
12:30 300 100 Bicarb. 20 mg. Lasix
13:00 | 500 mg. Protamine
1000 - 4 amp. Calcium .
40 m Eq. Potassium
Chloride
13:25 100 mg. Protamine
'~ 15:15 20 mg. Lasix 600
16:25 1000 ‘ 550
- -20:30 50 Bicarb 600,000 I.U. Penicillin
. e 5 _ o
21:00 1000 200 350
22:30 100 Bicarb. 4 amp. Calcium
23:30 . 20 mg. Lasix
» . - .
0Q:30 50 Bicarb 200 300
3:00 | 500
4:00 100 -
5:30 1000 -
6:30 | © 20 mg. Lasix
8:00 500 10% Dextrose ’ R
L ST S | . n
10:30 . 4amp. Calcium 600 950 @ -
13:00 " 100 mg. Protamine T
RS 40 m Eq. Potassium .
v Chloride B
4 amp. Calcium ~ - .
. A ~ 500 mg, Solumedrol - |
e a0 54 bextrese 5002000 1.U- Penicillin
14:20 - 1300 5% Dextrose S :
400 | . o
16:30 50 Bicarb. | 600 .
W30 -2 amp. Calciyn



) Time Blood

LIQUID BALANCE RECORD (Continued).
- Drugs

.CC.

Liquids

ccC.

196

Loss of  Urine
Blood cc. cc.

" 8:00
9:10

100 Rinders

Total 4700 1300 .-

TABLE XIII

Time

"WHOLE BLOOD CLOTTING TIMES

‘Clotting

Time 1n“Gléss (minutes.)

1:25 -

u'ﬁ
3:15
8:30
©10:30

10:00
10:45
o
;6566‘  ,
7:00

N

12
8 -

15
8

\
infinite

2 o 15’<

18
10

v

600

100 : 50

1100 4600

e

.
s .

 EXPERIMENT #23

Lo 4
-



T 15:00
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TABLE XIV ' BLOOD EXAMINATION  * . EXPERIMENT #23
_ pH 00, “pCO, . Hb Hct  Platelets R.B.C.o . W.B:C. .
Time mm, Hg - mm ﬁg ‘mm,Hg  .g.% % . /c.mm. X 10§-/c.mm.x 106 /c.mm. 4

.
Y L

1:45 N g5 . o2 692 2800
12:30 A 7.24 200 40 | R
13:30 A7.36 39 32

14:00 A 7.63° 250 13

NN NN

560390 12 L. e | o
30 23 - 97290 . 2100 7.0 3100

e B> > B>

1600 L 0.6 31 180 7.60° 4100
©16:30 A 7.57 340 19 ‘
oy 30

18:00 A7.52 125 16 - S :
, 49 14 28  10.4 30 - 180 7.20 41Q§)
19:00 A 7.38 120 .45 . T
TV w0 55 o
20:00 A 7.33 124 . 42 “ |
V732 21, 55

Co2mo0 0 a5 27 ‘240 623 11000

<P a>» <> <>
NN NN NN NN

22:00 A7.34 135 38+

24:00 A°7.38 1440 35
T 28 26 55 8.6 25 . 272 5.98 12000
34152 36 L e

33 28 40

<P =I5 <> e
NN NN N~

- 2:00

Ca:00 A7.82 130 38 o
S V7.3 30 38 87 25 252 . 595 1700 -
133 ' 28 55

INNONLN

©6:00

45 137 39

8:00 L o B R T
" 35 26 65 ~ 10,3 29 222 06.3%4 11100 -

< 3 <> <>;



. Time

om0

8300

©16:00: °

L

d}a

i 5LOOD EXAMINATION (Cont1nued)

| 'T1me mm Hq (7 Ij/;ll'ﬂ ﬁg

Platefets R.B.C. |

pC02 ;
/cmmx10 /cmmx]O

mm. H_g-

“Hb
qg.%

Het -
% .

™

198 -

-
W.B.C.-
6/crm\

10:00 197
12:00 |
20
100
20

\\, .\l s
. . o
RN wWH

W

14:00 -

45

15:00 -
o 13

~~J-
.«

f‘jSZOO‘H

N
- .
™) W

16

NSN3, BN ol ov JNY

h 18:00

L *

W

ST

9]

| ,20 oo :
25

== é>'<5~%?ﬁs>

NN N
» [
~-00

=D R

N

"l =

TABLE wi R
P1.Hgb T.1.P.
mg.%; :g %

24
210

104"

120"

| meq/] meq./]

.33
44

-\34- 0.2 .28 . 232 6,00
34
46

38
.55

51 e

- 54 5,27

43
47

42

a4 4478

PLASﬁAiEXAMINATION: o
at okt cattl LA
‘meq/] meq/].' » _mg;%

CPLA:
mg%

11:45 +
15:00

L]

s o

e« -

CoLMBE—-OO—0O®O

18: 00{-4
: 24:00~f”'

8:00

112:00
16200
20:00

s d
. " ® . ) - . » :

142

=195

16.0 0. 3
37.0 1.25
68:8 0.70 .
71,00 1.12
70.41.50
72,1 1.75
S71.4 151
1 68.8 0.95
71.4 1.84
64.8 1.12 -
72,7 1.49
727

. .

103 R
S -1p2
100
101
S0 [} A
100

1”,v

.

.
OO0 O WWOoY

149
149
151

. -

147
‘150
156

e e L] . . L] . - @ " L]

150
151

-

vm#wwu&mﬁﬁwhh
s gmmﬂapﬁmowww

12100
v

110000

0.93

-,

"EXPERTMENT #23
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 SUMMARY, (DR T. NISHIZAWA) -

Total oxygenator bypass t)n@ was 70 m1nutes Thé'lung shoWed'
s]1ght congestlon 1mmed1ate1y after the artif1cia1 heart was emp]oyed
;The arterial pressure was -100/40 mm. Hg and arter1a1 p02 was onﬁ 39
mm. Hg w1th B1rd Resp. one hour after pump1ng However, arteria] p02
"1ncreased to over 200 mm. Hg with B1rd Resp “one and one ha]f hours
.after- pump1ng F1ve and one half hours after pump1%g, the an1ma1 was:
a1lowed to breathe spontaneous]y even though the t1da1 vo1ume was on]y
100 to 150 m1., because arter1a1 pC02 Was 14 mm. ‘Hg and p02 was 340 '
mm, - Hg on Bird Resp w1th 50% 02 and 50%.room air. Ten'm1nutes 1ater,u
the t1da1 vo]ume 1ncreased to 400- to 450 ml., arter1al sz was 120 mm,

Hg and p002 was 30 mm. Hg w1th pH of\7 38 About seven aours after
\\; pump1ng the an1ma1 attempted to stand up many t1mes. After 15 hours:u

;“ m1nutes 1ater, arter1a1~p02 decreased to 45 from 100 mm., Hg.j Th o
levels of PH were contro]]ed every two hours by adm1n1strat1on of

sod1um b1carbonate. After 16 hours pump1ng, c]otting t1me was a1so k

| contro]led between 10 and 12 m1nutes by adm1n1strat1o2 0F sa1c1um .;ng;f

‘.f g]uconate///The d1scharge of urine. contlnued until: th term1nat1on of |
exper1ment Abouf 32 and one half hours after pumplng musc]e f1br11-,}
1at1on around the forefeet occurred Arter1a1 pressure decreased
qu1ck]y to. 110/50g¥rom 130/50 mm. Hg. Then a maJor convu]s1on caUSed

the an1mal to stop breath1ng At th1s t1me, the 1qve1 of p]asma

S S .'_

S as the cause of death i : T

pump1ng, the animql was a1lowed to breathe w1th oniy room a1r ~Ten ”pj“f

o -

: ca1c1um was w1th1n norma1 8 2 mg% Asthromboembp{usvcouldsbe suspected7frfn
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- 'PATHOLOGY REPORT (DR. T. NISHIZAWA)

Brafn~ . L | N ’ B

. Macroscoptc findings- Cerebrosp1na1 f1u1d was c]ear; and not .

hemorrhag1c Cortex showed 511ght edema.. Hemorrhage or 1nfarct1on

was not seen in any part of bra1n Chor01d glomus of the 1atera1

".Ventr1c1e was s]1ght1y congested Air embol1 or thrombr were not’seen,'

‘.1n vegsels. o | o | |

Mlcroscop1c f1nd1ngs S]ight edema, some chromato]ys1s and

r"PYk"°$1S were seen in the cortex Hemorrhage, thromboembo11 or fibpin g

'platelet thromb1 were’ not_seen. Theré was not any congest1onpor

'q,s1udging infyesse1s,, . | '

o Macroscop1c f1nd1ngs About 40% o? lower 1obe t1ssue was )
3

'congested and hemorrhagic, but edema was m11d About 20% of the m1dd1e

v.:and upper 1obe tvssue was edematous On sect1on, a f1brous f1br1n

/&nbolus was observed at the Junctren\hezween 3 large/zulifnary arteny

'L and a sma11 pu]monany artery ; N_‘sol d thromboembo] were bend

-

"Frothy f]uwd was obServed 1§!on1y edematous and congested reg1ons

J/—}croscop1c f1nd1ngs Moderate 1nterlobu1ar edema and;g%g-- i

’”'pleural hemorrhage were seen 1n the congested reg1on. Ateleedas#s,,;fﬂ,f

| were seen in. st1ff reg1ons Some sma]] bronch1ol1 conta1ned mono-*"

| structura] eos1n sta1ned mater1a1 (transudate) Some 1arge bronch1o]1
".‘conta1ned compact masses wh1ch cons1sted of f1br1n RBC s and mono- ;

}‘h:nuclear cel]s. Perivascu] hemorrhage thromboembo]1 or sludg1ng

. . .
. - Lo B ¢ . .

e fwere not observed h:-;;‘

S 1ntra alyeolar hemorrhage and edema, and mononuc]ear cell 1nf11trat1on -

L]

"
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- Liver:
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Macroscopic findings: NeitherwcongestiOn nor hemorrhage seen.
. ~ ' 3 .

Microscopic findings: .Liver cells had some vacuolization and

pyknosis was seen. Centrilobular veins and portal veins were not

dilated. There were no fibrin pléte]et-thrqmbi.

Kidney

Macroscdp1c and1ngS\ The ent1re surface was normal. On

-‘

' sect1on ne1ther hemorrhage, 1nfarct1on nor thrombi were seen. -

M1cros§?p1c_f1nd1ngs. .The.sprucgures of g]omeru11 were.normal -

and glomeruli. were nof'b]oodfesel :SdmejRBC's and'proteinous casts

4 Lk . B

were seen in collecting ducts. .There were neither thrombi nor .

Q@ o

infarctions..

4Sp1een ) ’

Macroscopically and microsgcopically, neither congestion nor -

+

hemorrhage ‘seen.. - ‘ o ‘ K

S | “ ™, /

. ¥ h /
COMMENT: - ' '

Disseminated intravascular coagwfétion did not occur,

)
)

3) There was no parenchyma] hemorrhage \»)
)

’ Asc1tes was negllg1ble.

s

The findings of lower nephron ;éphrosis were negligible.



EXPERIMENT #C-7 -

CALF  SEX: MALE WT.: 84 K&.

)

PROCEDURE: ~ CONTROL BYPASS -

SURVIVAL TIME: 33 HOURS .

R
4 : o 7

Tt
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 CHRONDLOGITAL RECORD
SV S 4,

TABLE xv] /7" 4 OF EVENTS EXPERIMENT C-7
A (xl{ .‘j"“‘ !\‘1‘ g : N 3‘ . [N . .
8:25 4> )Atropine V48 mgy " Vesprin 18 mg,
9:15 ' “Intubatipn. - ‘ C
- After the chest was opened, the animal was ventilated manually.
:10 Bypass ‘on )
12:20 Bypass off S
12:30 Isuprel of 1 mg. was continuously infused because of the
right heart failure.. )
14:30 pOo: 46 mm. Hg by Bird respirator delivering 100% 07
15:30 pH 7.35 p0, 404 pCO, 38 S~ -
16:30 The animal was allowed to breathe spontaneously with nasal
oxygen of 3L/m. Tidal volume 380 to 450 ml.
The systeniic arterial pressure was 120/90 mm. ‘Hg wi thout
. administration offIsuprel. \ g
17:20  _Spontaneous breathing without nasal -oxygen.
An hour later, pH 7.41, p0, 72,-pC02 4]
20:50 Removed endotracheal tube. o
23:00 Removed the chest tubes. ’
23:30 The animal stood up without any difficulty.
01:30  The animal walked by itself when it was led upstairs.
10:30 The animal was led downstairs. The body temperature was
'36.5°C. It still stood up and walked. :
15:20 Animal looked tired and took the kneeling position.
" pH 7.40 p0s 68 pC0, 44 o
21:30 - Sacrificed at 33 houfs after bypass.
| 2
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TABLE XVII, PERFUSION RECORD . EXPERIMENT C-7°
Oxygenator: Travenol 6LF

Oxygen Rate: 6 L./min. «

Bypass begun 11:10

TIME FLOW © FLOW © TEMP, ARTERIAL
cc./min. cc./kg./min. °C. PRESSURE mm.Hg

11:10 3040 3 .  37.5

12:00 2265 27

12:15 2840 34

| Bypasé stopped 12:20

Total Bypass time 76 minutes

Heparin 42,000 I.U.

Protamine 600 mg. .

Venous Cannulae #26 & #28 Bardic Caya1
Arterial.Cannula . #20 Bardic

Prime 1500 C.C. Lactated Ringers.



205

TABLE XVIII LIQUID BALANCE RECORD | EXPERIMENT-C-7
Time Blood Liquids . ) Drugs Loss of  Urine
‘ cc. cc. : Blood cc. cc.

12:30 1000 200 5% Dextrose 1 mg. Isuprel
' 40 m Eq. Potassium
| Chloride .
13:30 4 Amp. Calcium
: : Protamine 600 mq. ' .

1000 5% Dextrose Penicillin 600,000 I.U.
A 20 mg. Lasix -

~15:40 1000 o, | |
16:00 1000 Ringers 2 Amp. Calcium 600 - 2000
'19:00 1000 40 m Eq. Potassium
‘ S ’ Chloride oo - 2600
23:00 , Penici111§{ 50 1200~
' . 600,000 I.U. - :
11:30 2000 5% Dextrose  #20' m Eq. Potassium-
. - Chloride
14:00 500 200 Bicarb. ' Penicillin N
o - 600,000 I.U.
Total 3500 4400 . . . " 650 5800
" TABLE XIX . WHOLE BLOOD CLOTTING TIMES EXPERIMENT c-7 ,
Time - Clotting Time in Glass (minutes]
13:30 - is
19:000 .8

14:00 0 ¢ 8
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EXPERIMENT C-7

18:00 3 6 2.

38

TABLE XX _ BLOOD EXAMINATION e
: PH  p0, pCO, Hb ~ Hct  Platelets R.B.C. . W.B.C.
T1me. ~mm.Hg mm.Hg mm.Hg g.% .- % /c.mm.x 10§ /.'C.:nm. x" 108 /c.mm,
‘\ ’
10:30 1.0 $5 236 7.87 5400
12:20 A7.63 306 20 9.4 27 30 6.71 4600 ~
13:30 A7.38 32 37 10,0 29 55 6.16 1900
15:30 A 7.35 404 38 8.5 25 80 5.44 2100
17:20- A-7.36 120 45 / -
. : ) . 3
18:30 A7.42 74 44 10.1 29 109 5.82 . 2800
Y ‘ ‘ . y
21:00 A7.42 60 35 .
00:10 A 7.44 60 34 10.0 29 130 5.66 3300
©12:10 A7.38 62 46 1.3 33 83 6.03 10500
18:00 A7.44 77 50, 9.2 34 144 6.86 9100
" TABLE XXI * PLASMA EXAMINATION . EXPERIMENT C-7
‘rine P1HOb T.P. Na+ K+ 1" Cat+ L.A, P.A.  Hist. Glu.
""e mg.% 9e%. meq/lemeq/l-meq/l. meg/l. mg.% mg.% mg.% mg.%
10:30 5 5.9 147 4. - 100 5.0 5.5 0.32 5.5
12:200 17 5.0 141 3.8 47 5.0 24 0.70 4.3 : 140
13:30 18 500 138 2.8 96 4.6 56. 1.52 45 112
17:20 6 4.3 148 4.4 103 - <107 2,08 4.8 110
18:30 44 5.4 158 3.6 101 105  2.64 5.0 220
00:10 10 5.4 - 152 2.9 <03 54 66 2.34 59 8 -
12:10 11 5.4 147 3.2 (Jes 4.4 51 152 3.2 132
5.2 2.7 792 4.4 27 208 55 79
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SUMMARY (DR. T. NISHIZAWA)

After bypass, heart beats were observed forilo minutes.
Isuprel was continuously infused with 5% Dextrgse. The systemic
arterial pressure increased to-110/80 mm. Hg, and the central venous
pressure was.maihtainéd ét the 1e9e1 of 0£2 mm. Hg.. At termination
of‘bypass, the dorsal parts of the lower 10bés'shoWed péssiVé conges-
tion, but this‘disapbeared affer ypass. The Isuprel d?%p'was‘
~gradually decreased and stopped after one hour. Four hours after
bypass, thg.animéi was‘allowed,to breathe ;boﬁtaneodk]y,‘anq eight,'v:?;
hours after bypass, thé endbfrachea] tube was removed. _Before the
' animal,wéslled Qpétairs, the}chest'tubes were rehoved. Eleven hours:‘
'after_bypaSS, the animal Stood,up'@nd walked by itself wifhout any“
difficulty. The:nextﬁmornfng the animal was stili'ab{e to stand uﬁﬂ
~and walk. In the afterneon;\thé anima]‘léoked.tired and tookgfhg '!
kheeling,positidn. vThe arterial'pH, b02'and'pC02 werénﬂbrmglﬁi THe f

animal was sacrificed after 33 hours of observation. - -
o i o , -
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v

PATHOLOGY REPORT (DR. T. NISHIZAWA)

L;ﬁg .

" Macrescopic findings: ApprOXimafely'ZO% of ‘the lower lobes
were congested and hemerhag1c but these deteriorated regions were.
, confined to the lower parts of the Tower 1obes ‘The other parts of
the Tower 1obes and the other lobes were in good condition. On
section, no thromboembo]1 were.¥ound

M1croscop1c findings: In the lower parts of the 1ower lbbes,
,1ate1ectasis, congestion;,intréalveolar and interlobular hehorrhage :
were seen. However; edema was very s1igﬁt; The other lobes preserved

~

good structure of alveoli.

Bkajn, liver, kidney and spleen were normal; no infarction,

hemorrhage, congestion, edema or degeneration.
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