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POREWORD

Classical phy51ology texts describe the basic functlon
' of the heart as a blood pump. Ironlcally, after over three
ceﬁfuries of reseeﬁ%h since William Harvey' e-dleclosure“of
the nature of thegcircglatory system in 1632 +the pumping
action of the heart remaiﬁe 55 elueive parameter to measufe‘
without reeogﬁgng to inconvenient, expensive, and somewhat
traumatic proeederes requiring sterile surgery to insert
cafhetene into or'near the heart., At the same time relatively
simple, nen-invaeive methods are available to record other
parameters related to myocardlal funetlon such as electrical
act1v1ty, pulse rate and blood pressure. Obv;ously, a great
need exists for a eimilarly simple nenainQaeive method to
obtaln information concernlng the mechanical activity of the
heart. | .

The data presented in these pegee eteﬁd'as é%eti;ony to
the great dedicafion and desire: by the pafficipating investi=
gators to contrlbute to the development of a nmn-lnvaelve
method to assess cardlae funetion and other Parameters of the
cardiovascular system.

The papers presented here were previously presented at
the First Symposéum_on Impedance Cardiogr&phy heid at the
NASA Manned SpaCecfafthenter, Houston, Texas, June 2,3;%,
1969, | | |

The investigators outside of the University oflﬂinneeota

had no support except to be supplied with a Minnesota Impedance
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Cardiograph and some technical aesistance through our NASA
contract. ‘

Speamal trlbute must go to three groups who participated
1n the symposxum W1thout prevxous NASA eupport but presented
valuable data and excellent manu;crlpts for this report,

Dr, E. Kinnen, Drs. Richard Namon and Frank Gollan, and Dr;r
Robert D, Allison are to be commended for their good work.

Some frustration and understandable aisappﬁinfﬁent has
'been expressed by some in the varlable results obtained in the
measurement of the absolute value of stroke volume and cardiac
output by the impedance merhod. On the otherhand, many investi-
gators have been stimulategﬁﬁy the progress thus far and are
vigorously exploring the use o%‘the impedance syetem to obtain
1nforma+1on 1n regard to other phy51olog1cal parameters related

to the cardlovascular system.

Transthoracmc 1mpedance has been shown to be a very sensi-

tlve 1ndlcator for the detectlcn of pulmonary edema. Also, any

nther fluid accumulation in the chest, such-as pleural effusion,

is quickly sensed by observing transthoracic impedance chanéeei
Likewise, the reversal of these conditions can be followed by
this method, | “' | |
Such basic determinations of myocardlal function as cardlac

contractility appear to be possible from thoracie lmpedance

- measurements. Several intriguing applications of impedance
.'measurements in heart transplant patients and other cardzac
patlents are presented here. New research 1nd1cates that 1m— |
Hpedance measurements will be useful in certain perlpheral vas-

cular problems.
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If another year produces as much progress as the last year,
. . | A .
the use of electrical impedance determihations across various

parts qf the body appears to be insured of a wide.spectrum of
épplications. A perusal of the index will confirm this.

Let us hope that acceptance will not take as long as the

qevelopment of the electrocar?iograph.'
o ) I _',:'f‘ . .

W. 6. Kubicek, Ph.D.
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Apyllcatlons of the Mlnnesota Impedance Cardloardoh - Kubicel -&;

—— i

The'measurement of ¢horac10'1mpedance for use in est1ma+ ~
cardiac output (University of Minnescta method) or other cardic-
vascular or pulmonary functions requires a.four electrode con-

figuration. The placement of electrodes on a subject and the

'electrlcal and mechanlcal propertles of electrodes are important
" to the obtalnlng of relxable data. The - fo;lowxng paragraphs
'ﬁdescrlbe the- electrode conflguratlon developed at the Unlveralty

,a‘

‘of Mlnnesota and some of the appllcatlons of the Impedance . .

™~

Cardlogﬁhph.

\\s.
't

The,

1ﬁr band electrode configuration is shown in Flgures

B ”wo conductlve strlp electrodes, approx1mately
6 mm w1de, are placed two around the neck and two around the'

"abdomen. -The- outer two electrodes are spaced at least three'

centimeters away from the 1nner electrodes in ordeﬁ to obfaln

.f

accurate readlngs and to avoid non-llnearltles in the electrlcal

'parameters 1nvolved The 1nner two electroder are placed grie

around the base of the neck and the second at the level of the .
xlphlsternal 10lnt. The oyter two electroaes are p051t19ned as
shown. TBevelectrodes are numbered 1, 2 3 and 4 from the neck

‘down and are connected to the Imoedance Cardiograph by the'

'eapproprlate nc?bered CllpS on the patlent connecting cable of -

'the 1nstrume )

'TSt Paul, Mlnnesota* The electrode.is constructed“from.one mil

{.

A dlsposable electrode has been fabrlcatea by the 3M Company,_ : K

e

aluminum deposited oit a polyester film and bonded tc an adhesive

*férﬁavailaﬁilitg see ﬁagefiS:
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Figure IV-2

A photograph of the tape-on electrodes in place. It is
important to maintain good separation between electrodes 1 and
2, This electrode configuration is used for obtaining (1) car-
diac function date and (2) changes in total fluid in the chest

by observing Z, {(the total impedance between electrodes 2 and 3).
The Z, measurement has been found to be a very sensitive indicator

of the development or reversal of such conditions as pulmonary

edema, pulmonary congestion and pleural effusion.
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SALINE INFUSION into THORACIC CAVITY : cc

Figure IV-3

An example of the decrease in the vaiue-of Zo resulting from
a saline infusion into a dog's chest., Similar changes in Zo
have been obéerved by Pomerantz et E&._(Surgefy July 1969)
?duringdthe development of experimental pulmonary edema., The
fwf reveréal of these conditions then results in,an.incfeaSe in

the value of Zo

Calculation of the Stroke Volume and Cardiac Qutput

This section describes the method for_calculating the stroke

volume and cardiac output using the first derivatiyeuwaveform.

il

I+ appears that the most reliable use of this method thus far

i
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is to obtain ratios of change in cardiac output. For example,

this would be the percentage change in cérgiac outpu& from a

quiet resting condition to that of some standardized exercise.

NN T
b L UIN e

R R

i

b 300 4

Figure IV-4

1

!

Figure IV-4 shows AZ, dZ/dt, Heart sounds and ECG waveforms.

~ From this figure the time relation of the impedance'information

with respect to the heart sounds and ECG can be seen. Negative

. is upward in both the AZ arid dZ/dt waveforms.

it R I o et 2 BRI RS i rme Lz e e T e

i T B



The stroke volume is calculated using the equation shown

below
L% paz/at)
where
AV = ventricular stroke volume (cc)
p = the electrical resistivity of blood at
100 kHz (average value 150 ohm-cm)
L = the mégn distance between the two inner
electrodes (2 and 3) in cm.
Zo = the mean body impedance between the two
B inner electrodes in ohms.
? (dZ/dt)min = the minimum value of dZ/dt occurring during

the cardiac cycle in ohms per second (see
Figure IV-5).

T = the ventricular ejection time in seconds as
obtained from the dZ/dt waveform (see
Figure IV-5), | -

Cardiac output is calculated from the stroke volume and

pulse rate as shown below

C.0., = AV*PR/1000 ' g ,
C.0. = cardiac outpﬁt in liters/min
AV = stroke volume in cc

PR = pulse rate in beats/min determined by
measuring the time interval between the beat
used to calculate the stroke volume and the
previous beat.

To obtain the wvalue of L, measure the distance between

the two inner electrodes (2 and 3) in the front and’back ;
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of the suﬁﬁgct and then compute the mean value of the two

measurements in om.

f Wz /1) i
RS .is(aiz/m__ i A | +7
b T L N

Figure IV-5

Figure IVfS shows the di/dt waveform along with the heart sounds.
The measurements of (dZ/dt)min and T are shown on the waveform.
The value of (dZ/dt)min is measured from zero to the mo%twheg-
ative point (hegative is upward) on the waveform. The ejéciion
time T is measured in.time from .lS(dZ/dt)min to the most
positive‘peak of dz/dt. .The starting point for determinirig T

is obtained by going back in time down the dZ/dt waveform from

the negative peak to a point'on‘the curve equal t@ .15(dZ/dt)min.

_ et \
The zero crossing of dZ/dt before the negative peé% could also
be used but because of small oscillations in the waveform before

the large negativefﬁeak, .15(dZ/dt)min is a more reliable point.
i/ . .
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The difference betwggpf{he two is usually small. The end of T

N

is usually determined from the sharp positive point in the dZ/4dt

waveform after (dZ/dt)mi as shown in Figure IV-5. With some

n

subjects no single sharp positive point is apparent. Therefore

the'dZ/dt}waveform cannot be accurately used to determine the

end of_sgstoie.

 Figure IV-6 shows a waveform where there is not a positive

point that clearly shows the end of the ventricular ejection.

~In such tases the beginning of the second}heart sound is used

to indicate the end of ventricular ejection,

Al
'-.\

 ERuREEe e Wz NRREA TP CE
1 ERZ=R
EART SONDS. 4 4+
o O e L ' jn‘! ﬂvf_ vy A

Figure IV-6

Calibration_of the impedance waveform is obtained from the

internal calibrator as described in Section III (Figure III-2).
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The Impedance Cardiograph can also be used as a visual
monitor of; the mechanical action of the heart. %he AZ and dz/dt
recordingshcan indicate a variety of cardiac irregularities.

An example of pulsus alternéns in a dog is shown in Figures IV-7

and IV-8.

ECG

 DELTA 2

. DZ/DT

AORTIC
PRESSURE

AORTIC
FLOW

B

i STROKE
"~ VOLUME

Figﬁfe IV-7 A record of the ECG, AZ, (dZ/dt), aortic préssure,
ascehding aortic flow and left vehtficular stroke volume in“aﬁ
.anesthetized dog. Note fhat the ECG record gives no hint of N j
the pulsus alternans clearly indicated in the (dZ/dt), éor@ié |

pressure, aortic flow and Stroke volume tracings.
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maneuver also results in leg volume changes: The instrument
should also be useful in peripheral circulatory disease by ob-
serving the difference between recordings of AZ and dZ/dt in
normal and abnormal conditions. Figure IV-10 shows examples of
the AZ output recordings during venous occlusion and the valsalva
maneuver. The AZ Automatic Balance Range should be set to maxi-
mun and the balance switch should be turned to the manual pecsi-

tion for about 0.1 seconds and then returned to the automatic

position immediately preceding each recording.

Figure IV-9 A view of the four electrcdes in place to record
leg volume changes between e¢lectrodes 2 and 3 as a result of

inflating the blood pressure cuff between electrodes 1 and 2.
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For best results it is recommended that ECG electrode paste be
used for limb imgedance reeérdings especially in cases where
heavy hair is present. Th% circuits are designed primarily

o for gfansthoracic impedence recordings and therefore some pre-
cautions should be cobserved in attempting to use the system on
the extremities. ‘The Z, reading should be maintained between
10 and.BO onms, If the reading is below 10 ohms, the distance
between electrodes 2 and 3 should be increased and if the Z,
reading is greater than 80 the disfance between electrodes 2
and 3 should be decreased. Also note that electrode # is made '
up of two turns around tﬁe'ankle to provide a larger surface
area for the flow-ef current from the constant current oscil—
lator. Agaln adequate (3 cm mlnlmum) spa01ng should be main-

tained between electrodes (1 and 2) and (3 and 4) iﬂ

The follow1ng formula has been used to calculate the leg vplume_

change between electrodes 2 and 3

2 . . )
AV = pE-AZ = ceC ‘ \
Z, 2 ' — !
where S | b
p = 220 ohm em. (With more research thlS value

may be changed sllghtly)
L

the distance (cm) between electrodes 2 andza
Zo, = the total impedance between electrodes 2 and 3

LAZ

the impedance chenge during the applied”stness

The 'blood flow rate into the limb segment between electrodes 2

and 3 can be calculated from AV/AT where AT = the'timer;ptervﬁi

& /f

for the 1mpedance change AZ to occur.
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INFLATE CUFF

SLOPE

55 mm Hg 022 a/sec
iy

EH¢M%¢

BLOW ' SLOPE
30mmHg 4 027 arsec

Ploure IV-10

T

IMPEDANCE CARDIGGRAPH *

BLOW SLOPE
20 mm Hg 024 &/séc
| i
i SRR NS
--f* } e
||“! l ‘ii;l
BLOW | SI.OPE .
40 mm Hg 033 assec

Records obtalned from the electrode placement=

ﬂshown 1n Figure IV- 9 by; (1) 1nf1at1ng the cuff to 55 mmHg

and (2) after deflating the cuff the Qub]ect blew (with the

| glottls open) 20, 30 and 40 mm.Hg.
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Figure IV-11 An example of the Impedance Cardiograph

1

mounted on a recorder to form a mobile unit,
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Inquiries regarding availability of 3M ELECTRODE TAPE
.should be directed to:

Mr. C. J. Anderson S
3M Company

Medical Products Laboratory

3M Center

Building 218-3
St. Paul, Minnesota .55101

Telephone #: (612) 733-2u07
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The object of this report is to describe the utlllzatlon
of the Mlnnesota Impedance Cardiograph in the chronlc monitoring
of cardiac transplant patients at the Groote Scﬁaﬁr_Hospital,
Cape Town. The work was carried out in the Surgical Research
Laboratories of the University of Cape Town, South Affica; under
Prof. C.N. Barnard. Since the first cardiac transﬁlant, which
was performéd.ét.the end of'1967 at the above centre, the need
has éxisted for a reliable, noniﬁvasive méth@d of assessing not
oniy output but also many other cardiac parameters,

The SPhygmomégometer and electpocagd;ograph were previdﬁgly
the only two means available t6 us to asseés cardiac performance,

cardiac catheterization being contra-indicated because of the

. danger of infection., It is pévhaps noteworfhy that both this cen-

tre and NASA are interested in an instrument féf-assesSing day to

day variation in cardlac runctlon w1thout pene;ratlng the skin
and that the Minnesota Impedance Cardlograph is just such a device.
For these reasons the above instrument was eagerly accepted
by our centre when offered: for use, both for assessment of the
practicability of its éh?onic usé in terms of the machine itself
and of the patients invegtigatéd. u |
The cardiac' transplant patients studied in depfh were
Dr. Blaiberg (No. 2) and Pieterrémith (No. 3).
In addifion to Impédance Cardiograph (ZCG) paraméters,
ofher parameters studied wef; ECG voltage (summation of sﬁandard ‘

leads I, IT ¢+ TTT), tbmperature, pulse, resplrdtlon, Welght, in-

rtake/output blood, and biochemical parameters as well as X-rays

and spec1a1 immunological techniques.
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The object of all these measurements was both to establish
baselines for cardiac transplants and to give early warning of
rejection should it ensue. It is the firm belief at this centre
that rejection should be vigorously treated with immunosuppressiges
at the egrliest suspicion thereof, and if treatment is delayed
theﬁprOCess might well become irreversible. It was theréwore

hoped that this de¢vice might give some pointer to rejection in
its earliest stages, a phenomenon which undoubtedly occurs at
cellular level, mechanical effects being a late ménifestations

With this in mind ZCG parameters were chosen and plotted
‘alongside all the other parameters. The five were: Cardiac out-
put (or an uncalibrated analogue thereof) (dZ/dt), (R-Z) interval
(R spike fo max. eject. pbint), ejection time, and Patterson fac-
tor, (named éfter one of thé designers of this machine). This is
felt to be a more staﬁle factor than is Cardiac Output and:is de-
rived from the formula for stroke volume:

L2
Ze2

AV = p (dZ/dt)T

T

The réason why the Patterson factor is more;stable is the fact
tﬁat over fhe course ‘of many readingé it was found that T or
ejection time showed lé;gg variations with acute changes in en-
vironmgnt;*némely: exerci&e, meals, mood, etc. and that the rest
of the formula:-

L2
YA

(aZ/dt)

Patterson Factor = p

is a truer rspresentation_of”oVerall myocardial condition. This
obviates having to standardize environmental conditions for every
reading which is well-nigh impossible when patients attend as out-

lﬁatients.
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The five parameters were cﬁosen so that not only the formula
for cardiac output, but also factors thereof could bemlooked at
to see which, if any, was a good index of cardiac funéfion, or
gave forewarning of rejection episcdes. R-2Z interval was looked
at since it provides a useful index of cardiac contractility and
it had been suggested by some that one of the first signs of re-
jection might be diminishing of the contractility of thé heart,
on the basis of infiltratién and edema. Since vagal tone largely
mggiates the isometric phase of physiological contraction, it was
felt that changes in R-Z interval might well be indicative of re- .
innervation should it occur. |

?It.was decided tglomit Zo from the graph since very little
vapiétién in this was seen except in extreme fluid overload., viz.
Bi@iﬁéfg Fig. 2 *# day 487 when his Z, dropped, only to rise again
to normal levels after the energetic use of diure?ié;. N

In this series, measurements commenced with both patients

in the hospital. Dr. Blaiberg was recovering from a virus hepa-

titis, while Pieter Smith's readings started SEdays post-transplant.

i

The patients were monitored at first dailjg while in th%ﬁ
hospital, then three times a week and 1atterlyufwice a week;iwhen
they came in as:outpatients.i Measurements nere made mainly in
the supine, sitting and standing positions. Supine, since thfé
offers a useful baseline and often the only position possibie
soon after transplant and'in casesiof collapse; standing, since
 this is the position of fﬁ%ction and sitting, because they are
mostly in this position in the recovery phase.

(. : i

Figure 1 shows the 2CG parameters of E,. Blaiberg beginning

254 days post-operatively. o

BEs

v Sk i e
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The ZCG determ}ned cardiac output was consistently highest
in the sitting posiiion (feet dangling), intermediate in the
standing and lowest in the supine position.

The ﬁormal effect of 'sitting is to lower cardiac output so,
whether this is an idiosyncrasy‘of the impedance cardiograph or
a real finding has still to be determined.

In the period.day 254 to day 360 negligible change iﬁhpara—
meters was noticed. The small changes in evidence on the flow
sheet are caused by variations in enV1ronmental condltlons at
thﬁ tlme. L

It was impbssible to standardize daily cOnditions: and fac-
tors such as room temperatﬁre, length of time resting before
measurement; before or after physiotherapy, recentwmeals, etc.
influenced both Smith and Blaiberg's figures. However, it should
be pointed out that we were looking for a trend downward, i.e.
two or more readings dropping progressively before 1ooking'upon
the change as more than a day to day variation. ﬁ

The R-Z interval waé exanined for signs of contractility
change which mlght be 1nd1cat1ve ofﬁrelnnervatlon, but no signi-
flcant change occurred. Over the course of the perlod after his
dlscharge from hospital, his outout progressively rose from a
mean of *4.0 to *6.5 L/min.

His cliﬁioal course over this period was one of progressive
improvemeﬁt. Figure 2 shows parameters from day 366 to day 501.
The scale on the x—axls is contracted for space reasons. -

The P's at the bottom left show some days on whlch Dhy51o~
therapy was given, This illustrates_the.influeﬁce of physio-

therapy on parameters, i.e. a“slight but'obviOus rise in
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cardiac output.

 Nothing significant occurred until day 422 when both on
clinical and ECG voeltage grounds rejection was suspected and
the dosage of immunosuppressives was raised. The ZCG showed a
slight but unconvincing drop at this point. If rejection was
occurring it most certainly was not obvious on ZCG tracings and
no change in ECG pattern besides a voltage drop was evident.
Biochemic§l findings were non-contributory.

Frém this time,onwérds the steady rise in output which had
occurred over‘the previous few months levelled dff and output
drépped as dZ/dt and ejection time decreased.

Again on day 457 rejection was treated for and this time
the ZCG did show a previous downward trend Wlth a dip on that day.

However, since dZ/dt dld not drop 51gn1f1cantly, the writer
was not convinced that the rise in output which occurred after
treatment for "réjection" would not have'occﬁfred anyway.

If rejection was occurring it had most certainly not pro-
gressed te the stage where the mechanical action ¢f the heart
was being severely interfered with.

After initial recovery there was at'first slow and then
apprec1able drop in output dZ2/dt, and ejection time, and an acute
fall in Z, of 2 ohms was experlenced at day u87. Cllnlcally, the
patlent was retaining fluid a?d failing. He was admitted to the
hospital, given oxygen and vigorously freated for cardiac failure
with digoxin and massive doses of diuretics1*§§fjection was not
suspected since ECG voltage had actually riSen: (dZ/d4t) had
dropped precipitately as had ejection time and AZ. This was the

typical picture of a-dilated failing heart.



-22-

Within 3 days the patient had lost 17 lbs. of oedema fluid
and Z, had risen by 8 ohms., Crepitations at the lung bases and
gallop rhythm had disappeared. A;; the other parameters had
risen towards normality and (dZ/d%) reached normality by the time
he was discharged oh day 501. The rise in R-Z at this time is
unexplained.

Figure 3 shows Pieter Smi;hﬁé ZCG parameters beginniﬁg day
5-after transplant. Initially there was a very large AZ wave
with a high (dZ/dt). Concomitant with this was a low Z, asso-
'ciated with fluid in the. mediastinum. The cardiac output deter-
mination was therefore excessively high which might bé partially
due to high nor-epinephrine levels, isoprenaline infusion, or
possibly a:normal heart operating against the diminished pefiph—
eral resistance of a patient who had been in chroﬂic failure.

The precipitous drop at day 7 seems to have been cguéed.by a sud-
den diuresis and rise in Z,. ‘Note the relatively small change

in (dZ/dt). Although ejection time was normal during this period,
Patterson factor was extremely high showing that the high output
was due to internal rather than environmental factors, since en-
vironmental factors 1argely¢chahge peripheral rééistance thus

' altering blood préssure and ejeétién time. ‘

Over the course of the next two weéks the.byperkinetic state
subsided and normal paramefers were recorded. ’The patient walked
on day 7. His:recovery was uneventful and he was:discﬁarged on
day 38. Various peéks over this period were due to varying
states of exercise., Changes in temperément were obviog§~onQZCG
tracings, e.g., on day 35 the patient was eﬁtremeiy angry. When

docile or depressed mést parameters likewise showed a fall.
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From discharge *o day 61 no acute changes were evident.
R-Z did not show any contractility changes.

Figure 4 Days 62 to 75 showed a rise in ejection time
which has remained static since and ié not regarded as signifi-
cant. Proﬁ day 82 to 108 no pefceptible change® was evident
except that onlday 90 he could not come in before breékfast and
the boost associated with a large breakfasf is quite obvious.

| ‘Figure 5 The_P's on ﬁhe bottom left §ré associated with
physiotherapy on those dateé and shown as sﬁikes on the flow”_
graph. . . | | o ﬁy%n
The Eatient was well until day 142 when he develbped right
renal colic diagnosed as a ureteric stone. Note that contract-
ility increase preceded rise in othep_parémeters. He was
admitted to the hospital and treated with smooth muselg;;é;ax-
ants. During the next u'dayé he-writhed ar;%nd in pain until he
paésed the_stone. Th? passage oiathé-stoné is evident on the |
graph by tﬁéﬁreturn of all ZCG péraméters to normal. |
| On day 184 réjection was suspected on ECG and clinical
grounds, and treated for. The ZCG showed no mechanical inter-
.ference with heart action and the diagnosis wag never concluéivel§
established., Pieter Smith,wés, incidently, a very.gOod tissueh
match and this is the probable reason for his.unco@plicatgd
progress. | , e )
It islamusing_to note that_when Dr.ﬂBlaiberg fell ill on=
lbth May, this was evident on Pieter %mith's gréph by fhe'flat—
ness thereof. Smith was dé?ressed and apprehensive and his
=i}w":r'e.-a.ciings, untillthe 19th May can be fégarded as béiél, so little
activity did he engage in over this éériod:_ | | |
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Summary
Looking at the flow sheets from the beginning, perhaps the

most significant findingwﬁas an insidious and pfogressiva drop
in function during the nine months studied as evidenced.by
(dZ/dt) falloff, and drops in output from a mean of 7 litres/min
in October 1968-to 5.5 litres/min. iﬂ=May 1969. Over the whole
Iperiod studied, R-Z changﬁe were non—confributpry and no sug-
gestioﬁ‘of reinnervation has been found. No episodes of”un—‘
“yeqﬁivoeal rejection Were conclusively diagnosed in this patient
and no chenges in any of the ZCG parameters which might ﬂave been
suggestive of‘rejection were seen in “the nine months which.
followed. "

Since the day to day measurements showed very little more
than cardiac activity at rest, i£ waseéecided to assess the car-
diac reserve of the trensplant patients by measuring the same
parameters after greded stéess_up to the patients' exercise
- maximum. Since: no episodes eof unequivocal acute rejection were .
seen either clinically or with the ZCG, it was felt that fea
jectiony if it was occu?ring, was on-a ﬁore chronic basis and
~would not be evident iﬂ basal measurements. . This tyDe of re-—

N
Jection could best be seen by reduction in effort tolerance and

cardlac reserve. Another aspect of effort tolerance testlng ;thh
interested us was the question of how the transplanted heart could
increase its'outpﬁ% without neurological connections with the rest
of tﬁeabody; Since the patlents did not seem to suffer unduly in

spite of a: falr]y fixed heart rate, it was ‘obvious that some mech—

anism other_than change in rate must be operatlve in 1ncreasmng o

. _)_’;

!
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cardiac outpﬁt: Figeres 6 and 7 shew exercise tolerance siudies
of 8mith and Blaiberg respectively.

" The bicycle ergometer was used to grade exercise and measure
work done. The ZCG tapes were applied at the usual sites and the -
harness as used by“Kublcek and co—workers was utllnzed for the
pick-upjconpectlons,; ECG leads were applied prOX1mally to the
patient's legs and right arm (lead II) so as not to hinder him
in pedalling. - Restiné measurements in the sitting position on
the bicycle were uSed aé a baseline for the run. In FTipure 6

appears the results obtained on Pieter Smlth in January 1969.

The unitg of work.were in kilo-pond-metres per mlnute. B}ood _

i kA

= £
pressure and resplratlon were monitored simultaneously but are

et

ignored here since they are non-contributory. A restlng set of
measurements as well as four séts after four exercise periods were
obtained. The first period of exercise was done under moderate

load (400 kpm/min) until the patient could befseen to be slack-

ing. Readlng 1 was then taken. After 3.5 mins at the 400kpm/min

rate changed from 95 to 125 min. It'isﬁinteresting toﬁﬁote tngt‘
during the exercise period, rate started rising only‘after 35 ;ec.
from the initiation thereof whereas blood pressure started drop-
ping almost immediately. After 35 seconds there was a sudden rise
in-rate up to-120 at 1 minute. In the following 2 1[2:minutes
the rate rose by only § beats/min.

It is sugges%ed that the delayed changeiin earéiae rete‘is

caused by circulating catecholamine re}easewpediated throughsthe

-adrenal medulla and precipitated by the'stresseof dropping blood -

\,

T,

pressure, due to decreased,perlpheral r‘ﬁ rgtance., No acute reflex

- changes 1n rate or_contractlllty were seen. Over the whole study .
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no significant change in %, was seen. Contractility increased,

(viz, R«Z drop to 80 m. sec.) either on the basis of eleﬂated %ﬁ
ﬁ/!

01rpulat1ng nor- eplnephrlne rose or because of 1ncreased dla»wwmﬁ
I3

stollc fllllng (Starling). It was not p0551ble to gﬁtefn1ne )

levels of nor- enlnephrlne since blood samples were not t&keﬂ,ﬁuﬂ
/:,

ing the experiment. Ejection time (T) shortened proporticnately -

_ tg rate change. :Stgoke’volume doubled whefeas rate incre-ised by
30% only. This ggve an increééé in'oufput of 200%. dZ!dgrshowéd
a rise similarly atfributablelgofh to raised gatechoiami;e le%els
and/or inareased venous.rétufn. Patterson fagtor allows us ‘to
look at the activityiof the heart éxeluding éjection time as a-

] ,

. . < /) -
function. Readings t0ok only 20 seconds, wh&reupon exercise was

recommehcgd-,fThe p;tientlwasfthén asked to do one minute at v
400 kpm/mih. ’ '

Reading 2 showed little bhange from.l éxcept %hat rate crept
up slowly to lSO/mln and dZ/dt rose sharDly, lnc eaSLng stroke
volume slightly and brlng;ngﬁcardlac output tg 2906_Of theigase—

line level. For exercise 3 the load was increased to‘SOO'Ebm/mig.

for onéjminute. The patlent became dysnnoelc about half-way

through thls period and complalned of weakenlng of his legs.
Readlng 3 showed cardlac depompensat;on as ev1dence by de-
crease in ewectlon tlme,wlthout rate change - (1 e., prﬁéably not
catecholamine medlated). yHls left ventrlcle was therefore t1r1§§<
‘and his exergise,maximhm.had,been reached probably a,littlé aboéé
15.31 1/min. | '
At this point the patiéﬁt‘s“biood pressure aléo stafted'drop»

ping slightly;H_Stroke volume decreased, hence output also

drobped. Inteféétingly enough, the dZ/dt rose still more to
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2,50 showing thmt thé heart could contractﬁﬁé%é-forcaﬁdily but
not for long enough to eject all the dlaSTOllC volume, and

ir

dyspnoea occurred, p0851b1y on the basis pf pulmonary congestion.

For exercgse 4 the load was kept at émg kpm/min. and the
patieht asked to maintain this as-~Tong as he could. This he
ménagethof a further three-quarters of a minute: the signs of
decompé;;ation became more pronounced and stroke yolume decreased
to less than Reading 1. Note tihat dZ/dt neverthelesslincreased_
still further while ejection time dropped profoundly.

In summary; the results showed that the patient was capable
of keeplng up an average of 428 kpm/mln. for 6.25 mins. and could
increase hlS restlng cutput by 2Q0° which is well within normal
~1limits. |

" Acute reflex changes in rate were absent but. delayed changes
suggestive of humeral agents were seen._ The_rise in output seen
ip exercise war accomplished by an abnormal means, namély mainly
gstroke volume increase and to a lesser degree réte'changes.
dZ/dt.continped to rise in spite of cardiac decompgnsafion and
drop in output, aé evidenced by appreciable drops in ejection
time and blood pre;sure as wq}l as supjectiQe symptoms, e.g.,
dynsphoea.

In Figure 7 exercise tolerance for Dr. Blaiberg is reported
(Jan. 1969). His performance, howevef, was not as good das Pieter
Smith's., He never regainéd full power in his legs after his
hepatitis four months.bgfore and the combined effects of this and
of chronic administration,of cortisone took their toll of leg
musele bulk. Nevertheless it was possible.to‘défermine his
exercise maximum with the ZCG and bicycle ergometer. His resting

EAN
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levels were established and a smaller load was used, namely
i.e, 200 kpm/min. Looking at the (R-Z) interval contractility
appeared first to increase and then decrease as decompensation

occurred. It is interesting to nota that dZ/dt rose only

slightly beyond reading 2 thus suggestiﬂg that the contractility -

_decrease was possibly due to dfopping catecholamine levels.
Ejection time showed a similar pattern to that seen in Pieter
Smith. Rété, however, rose by only 4%. It is suggested that
his heart was runhning af;maximum rate and contractility and no
inecreases ON Venous preééure and catecholamine levels could
chaﬂge this._ This theory is supported by-theﬁfact that his rest-
ing venous ﬁreSSure was 19 om, H20 and rose profoundly on :
exercise. In addition, stroke volume r&éé’by Pnly 154% in spite
of obvious rises in venous prefsure and.profognd dyspnoéaii Since
rate changéd o little, changes in output very nearly,par%;leled
stroke volume changes. _dZ/dt rose very ea%ly to a maximum.level
and negligible change occurred after this.

In summary, little progreégive contractility change occurred
_with exerciée in this patient; Rate rose by 4% only and cardiac
'outpuggwas boosted by 160% with an‘exercise maximum of 8.15 1/mins
and a.work outpu® one third that of Pieter Smith. |

It is thougﬁt that at this centre this is probably an exam-
ple of the chronic drug-modified rejection we can expect to see
more of in patientswho'a;e 50 well-matched or“wéllftreated as
_‘not to have acute maniféstations. Slow insidious déclineS'in
fungtion withod% punctua%ion by dramatic qhaﬁées have been seen

in Dr. Blaiberg over the past year.

R

A
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It was thought that as venous pressure and/or right heabf
pressure rose there might be a significant drop in Z,. In praec-
tice, if anything the reverse occurred, showing that Z, was not
SO muéh a function of acute as chronic overload of the right
heart. Where chronic retention of fluid occurred, Z, did in
fact show the expected drop. Perhaps in Z, drops we are looking
at extravascular water in the lﬁng - either interstitial or intra-
alveolar, |

During da&ﬁto day records on Pieter Smith an occasional
nodal extra-systole was"observed. What was rémarkable about these
-beats-was the fact that after the post-ektra—sysfolic compensatory
‘beat, normal AZ and dZ/dt waves were observed. Out of in?erest,
one such readiﬁg is included in this paper. In figuré B we see
a series of normal beats, an extra-systole, compensatory beat and
again normal beaté.“'Lookiné at AZ we see that the extréﬂsystolic
beat scabcely opened the aortic valve while the compensatory beat
was much larger and had a larger ejeétiqgﬁtime. From (R-Z) de-
crease we éee that the contractility increased as a result of
increaseq\diastolic-distension (Starling) during the compensatory
.beat. It.éeemed that all the blood which was not ejected by the
extra-systole must have béen cleared by the compensatory beat,
and the sum of the stroke volumes of the extra beat plus the
compensation beat should hHave been equal to two nofmal beats.

From time obtained, stroke volumes were determined with the usual
formula. Normal stroke volumes were *52,3 nl,, while the extra
an&_compehsation beats volumes were 13.8 and 89.5 ml; respective-

ly, giving a mean of 51.7 ml, thus confirming the hypothesié.
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Another situation in which the ZCG has been used is in
monitoring the cardiac condition of prospective donorsﬁfpr car-
diac transplant. The most common presgentation is one of head
injury or cerebral hemorrhage with irreversible¢ brain damage.

- Often no history is available and degrees of hypertension ére_*
present. - It is'helpful to know whether this hypertension and
‘other cardiac changes are due to cerebral conditions or whether
the heart is hypertensive and hypertrophied., In Figure 3% we see
the three traces of donor, recipient before and recipient after
the most repeﬁt transplant. The donor had had a eereﬁral hemor-
rhége and was mildly hypertensive. His rate was high as is fre-
quently seen in cerebrovascular accidents and his blood pressure
was up. The heart had a short ejection time which remained the
same after transplant, while the ECG showed little change from
donor to recipient.' Over the course of the last few months since
fhe transplant the ECG voltage has dropped somewhat, suggesting
loss of some hypertrophied muscle bulk and ejection time is now
over 200 m. sec. and approaching normality.

No work has been done to date on the correlation between
ZC6 and dye dilution methods offdetermining cardiac output at

.this centre. However, on the one occasion that Dr. Blaiberg was

catheterized simultaneously with.ZCG tracings, the impedance method

overread by 11%.
'NQ cprrelation for Mr. Smith has been established but on a

subsequent cardiac transplant patient the ZCG overread by 26%.

" On a few dogs studied for various reasons and using thermodilution

techniques of cardiac output, the ZCG measurements overread by

between 10% and 35%.



-31-

In summary, tﬁé Minnesota Impedance Cardiograph was used
for the chronic monitcring of cardiacﬁtranSPIant patients at
tﬁis centre over the last eleven months. Two patients were stu-
died in depth and a close watch was simultaneously kept on cli-
nical, biochemical, sérological, ECG aﬁ;-ZCG parameters.

Acute rejection was suspected and treated for on several
occasions but since none of these episodes progressgd to frank
réjection the diagnosis was never conclusively confirmed. The
ZCG showed signs of change more'fhan one day in advance of other
parameters but since more than one abnormal point on a graph Was.
needed to establish a trend, it was not possible fo diagnose and
treat rejectioh on ZCG grounds alone.: Nevertheless, thé ZCG
together_with ECG and othér tests has proved fo be a valuable
adjunct to diagnosis and an invaluable index of the effipiepcy

of treatment and return of the cardiac transplant to normality.
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(CARDIAC TRANSPLANT 6 MONTHS)

EXERCISE TOLERANCE STUDIES (ERGOMETER 13-1-69) .
Read 1 Ex. 2 Read 2 Ex.3 Read 3 Ex 4 Read 4

- PARAMETERS

6

P, SMITH .
- b :

EXERCISE TOLERANCE

Rest Ex.:i
Zo(mean ‘thoracic : 13
|-~ impedance-ohms) 27.013.5 [26.7 |3 27.0 27.) |% 127.3
I R= Z m.sec (R wave Y | —
1 te max.eject poant) 150(min | 80+ |min [ 90- [min . 80~ !min 80+
| T= ejection. time(m. sec) | 250/at 220 lat | 220 t 1200 {at 180
-1 'Pulse Rate/min 1 95| 125 130} 130 | 134
|'Stroke Vol.(ML) 56.4: - (111.9 1117.9 11,2 103.2
gardrac 0utput(L/m1n%- 5.36/400 {13.95 400 {156.31 {500 |14.45 (500 113.85
1dz & max.eject kpm | . | kpm kom kpm
P HT sec(ratq) | e 0.96|min | 2.22 ﬁgﬁ 2.3% |min | 2.50 ﬁ%ﬁ 2.61
'.‘//b (dz) Patterson - S ' i : IR . w
._Zoz'dt’ factor 2150 1. 509 535 556 | 572
'Mean work done =
428 EE- over 6.25 minutes.
min

[
o
‘b
E o
W
"

3




P.B.(CARDIAC TRANSPLANT 14 MONTHS)

EXERCISE TCEERANCE STUDIES ( ERGOMETER:- 17- l 69)

g ':\x\‘

. PARﬁMETER& _ Rest Ex.1 Rea@ 1 Ex.. 2 Read 2 Ex.3 Read 3 Ex.4 Read 4
| Zo (mean thoracic 33.0{ 70 [34.8 | 106 [34.7 | 3 |34.5 | 45 34.5
© impedance -ohms) ] | -l . . -
R-Z m.sec(R wave to o N | |
~ max eject.point) 120{sec | 110 sec 99 (min.! 100 jsec | 100
T ="Ejection time o ‘ L . - .
{ m.cec) - 250 at | 220 at | 220 |at 220 at | 210
Pulse Rate/min - 111200 | 113 200 | 133 4100 ;115 ]200 | 115
Stroke Vol (m}) 45.8 60.7 - |70.5 | 70.8 68.8
Cardiac output(l/mm)r 15.09f 16.86 17,97 8.15 17.91
o dz( )max eject. 1.36; 12.18 2.48 | 2.48 2,52
'a'f cec - - i N S I
12 ,dz, Patterson 183 |kpm | 276 | kpm | 320 -{kpmi | 322 lkpm | 328
/L 2 factor 1 ﬁgﬁ | | ﬁ?’ﬁ ﬁ?’ﬁ min
i wb A S kpm 23
mean work done = 154 ﬁg'r_l over 63 minutes
';; -
K
-' FIGURE 7 = P. BLAIBERG EXERCISE TOLERANCE \
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“PREOPERATIVE _ €.0.L = 66 Luin

: 10- 9 PULMONARY

Zy= 256

- There apparently was a right heart and pulmonary component inAtﬁe AZ and (dZ/dt) waveforms
" since (dZ/dt) levels of this magnitude were not seen with a systemic flow of only 3L/min.
Pulmonary congestion may have lowered the thoracic 1mpedance and brought in a pulmonary

component.

This unusual case is presentad for general interest in addltlon to our work on heart

transplant patients.

Figure A
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;?e pulmonary artery was banded 60% == note (dZ/dt) drop, AZ drop, increased systemic
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Rejection of foreign tissue by the host environment is the
single banéful complication presently associated with cardiac ,”‘5
transplantation. An ac;umulaﬁive phenomenon and seemingly origin-
ating at the biochemical cellinlar level, rejection plogresses with
.liétleiof'ndfoutward indication of its existance. Chemotherapy
(steroid) abates but does not prevent the advanding.iisruptive
chemical alteration of the cells within the donor organ. Furth-=r,
massive ste:ﬁid therag§¥édministered to offset ciinically exhibited
cardiac rejection often has a deleterious effect upon the normal
-fg;éiﬁﬁphysiologic funétions of Cgrﬁaip other systems and their
associated organs. This is-particﬁlarly:évident in the‘case of
an acgte rejectién episode or with one that is mild and pgrsi@teﬁt,
Du;ing the postoperative treatment of ?he tfansplant patienfl. -;f
__there.is a need to understand the extent of ?ejectionVand nore
important its progregéion rate if it exists. The availability of
"thié information wouid permit‘instituting an effective and more
fealistic program of anti-rejection drug therapy. To_actually
_,PGCQmpllsh this, rejection mustfbglietected at the sub-clinical
level. Therefcre, the rate of feféction could bé cbné:olled and
Withéﬁt jeopard%zipg the‘patieﬁt}s physiolégi& well-beiﬁg.
Since cardiac rejection implies theincapacitationgbf cardiac
muscle cells, it seems that the day-to-day measurement or deter-
minationxof the hemodynamic dapabi;ity of the tranaplantgd hgart

would provide heaningful,informat;on of its pumping capacity. The



degreerof reliability gnd the levei of accuracy of intracorporeal
igformation depends lafgeiy upon the test metﬂod employed. Trans-
cutaneous or invasive methods of measuréménts by their inherent
nature of diféct sensing are known to provide more accurate and
reliable data than non-invasive techniques. However, for the
cardiac transplant patient, the indwelling devices of transcu-
taneous methods are a serious threat to the delicate balance
beéween immunosuppressive therapy and ipféctionQ A non-invasive
method df detecting rejection would be even more desifable in

view of the patient's-overéll well-being.

Impedance cardiography is a non-invasive and readily repro-

‘ducible method of measuring certain cardiac dynamic parameters.

This report discusses our experience with impedance cardiography
as a method to detect sub-clinical cardiac rejection: although at
. ;

the outset it was not knowa which parametetr provided information

regarding rejection. Two cardiac tranéplant patients were monitored

' . using impedance cardiography (ZCG) intermitfently over periods of

two and three months respectively.

METHODS
The‘four aluminized foil Mylar Electrodes* were placed ac-

cording to the method described by Kubicek et ald) | A minimum
' )

separation of two centimeters was maintained with each placement

 of the two neck-enc;rcling.elect:odes." The o;ﬁ%{btwé bahd-type

A

‘electrodes eﬁci:cled the %Q;so at the xiphoid proéass'and umbilicus

 A*suppii9d by Minnesota Mining &*Manufactuxing Co., St. Paul, Minnesota
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levels respectively. In no instances was electrode paste or
jelly used with electrode placement. The separation betwéen the
inner electrode numbers 2 and'3 (Figure 1) wésrmeasured aiong ;he
sternal and spinal lines respectively. The aéeragerqf these: two
meésurementSoin centimeters corresponded to the Separation dgé-

tance "L". Except for a few isolated instances of the patient

S
it

sitfing in a chair, most‘measuféments were made with the patient
lying in bed with the torso ihblined 20° (Figure 1).

An individual co=-axial cable connectedéach of the encircling
electrodes to the Minnesota Impedan¢91Cardiogragh (MIC), Model 202
instrument. For[ease.of handling, tH;'four"inaiQidual cables were

banded together to constitute a siqgle'br master cable. The out-

‘puts of AZ and 42/dt from the MIC instrumgﬁt were both connectéd

with a shielded cable to a Sanborn Model 350;2;bsc,uhigh-gain
preamplifier in a Hewlgtt'gackard Model ﬁ?ﬁéftherméijrecorder. In
addition, thé‘patient‘s extremities were~f&tted with conventional
electrocardiogrépﬁic electrodes and in tﬁrn Canec£ed to a high-gain
preamplifier. All instrumentétion wés'turnéd on at le&st 45 minutes
before performing the‘appropriate balanéing'andcalibrationipro-_“
cedures prior to raecording data. )

Botﬁ7patients were instructéd about the type of b;éathiﬁg

e e

activity th9y~wgrg‘to per form for this test. They were  to con=-.

,sciOusiy,perform two passive oral respiratory cycles beginnihﬁ;ﬁ

,@ith qupiration:and;ending with a‘prolonged period;gﬁ relaxed”

Cdrusmnhs s

3

4.% __

S
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apnea maintaining.an open glottis. Tidal volume was maintained
at a level consistent with what they would normally experience
- during ggsting. They were esked no; to move or talk throughout.
' the test. As many as five runs but no less than three were taken
for each test sequence. This was done to ascertain the reproduc-
ability of the patient's performance and theﬁeby assurxng data
reltablllty. Usually this produced stable data durxng a minimum
of five heart beats after which time the patient wag_aeked.to
voluntarily resume breathing. Following a 45-second delay. thei
patient was simply asked to initiate another conscious breathing
sequence at his ?onvenience. ‘If Z5 changed more than 0.2 of an
ohm between run;aor exhibited unstability~auring a run, the fote—
gcing data wes‘discarded and the test started over. A record of
- steblé data was'usually_obteined after'askinq'the petiehtato con-
_ sciously Participete, inﬁaddit@on to briefly insttuoting'him on
S . L u

the proper breathipg technique. SR .\1¢

From the data of eaoh'reoorded sequenoé certain reiationehips
i, oere routinely determined.q | , B ? .
. Thoraoi.H Res;stivxtx, 521 hm— ‘_ 4 v e , M

-+ This is*a-quallty of the conducting propertiee(z) of'the

1ntraoorporeal oontents between the-two 1nner eleotrodes relatxve

.»4’/

to the two outer eleotrodes. This relationehip«'s expressed as otk

3

follews:

v .
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Where C represents the chest circumference in centimeters at the

&;:&Hg " ;&w’f:“' s G 7 :

level of the secopd intercostal space, Z, is the thoracic ohmic .

e -
i

impedance between the two inner electrodes during prolonged apnea, -

and L is as defined above.

Interval R - Z..(M Sec.)

This period was measured between the R spike of the QRS
complex and the maximum péak of the ensuing d2/dt record. This
point of the dz/dt record is considered as the instant of maximum

forceful ventricular codntraction.

Interval T, (Sec.) ”

i _ , :
i A S VRS R PSR S el ~ A R

This relative determination of ventricular ejection time is
obtainod fnom Fhe dz/dt record; It is measured from the initial ‘ i
upswing.of thBHQZAdtrrecord to the first major dip below the zero |
daium line which usﬁaily coincides withaortic valve closureg

dz/d (ohms/sec.)

m:.m.mum

The controlled mlnlmum value of thoracic lmoedance aocurs
: A( \ -
'durlng the perlodyof relaxed apnea. It is calculated by dmvmdlng
the magnltude af the dz/dt récord by the p031t1ve amolltui= of

the resultanc“callbratlon récord. 7
§5595e Voluﬁo; (ml/gtroko! .i : L e

| thkéulsatilo volcme‘of flow was calculaced according to tﬁc
jo:mula in the preliminary-ins%ructiOn manﬁaf for the MIC-Model 202

‘instrument as de“¢ned by the Mxnnesota group.

i / o T ("dZ.(dt.) nin
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Here f is the electrical resistivity of blood at 100 kHz. Under

normal hematologic conditions it is 150 ohm-cm. All other terms
Coh . | '
- *Zar@ as discussed above.

Heart Rate, (beats/min)

The series of R spikes of the electrocardiographic record.
during the prolonged period of apnea under consideszation provide the

determination of heart rate. o
Wi -U,'_ ‘E '.‘;“- ] .

P}

Cardiac Output, (liters/min)

P

It follows that the product of the p:éviéusly calculated

stroke volume and the heart rate gives a measure of minute flow

 volune,

In addition, certain sequential steps in thé u%&imate deter-

)

mination‘df stroke voiume were perfcrméd;hlistéd. and studigd.
Two of these are as follows:
a) L2/z2

p) L%/2,2 x 4z/dt min
2 o . . . - .
The COn;ributory texms of these two determinations were discussed
. ) . T oo 4 . ) - . fill B - .
above. No particular relationship of these two parameters to the

patient's eli@icalnséatus is suggested at Epis'ﬁriting.t ﬁinélly,: . T
. ., \“ . ) . ) Lt ] ‘ . : P | : _— .
. B : L.
all of the above determinations were performed both bg thi§£inves~
: X fo : : . :\<-,

tigator and by the Minnesota group which'had at its;dispoéai%% pre-

fgrs
Lo

;gggqﬁ&mméd,coméuting facility.
R ‘ i

oY
RESULTS ‘
Patient“J.A. This cardiac transplaat patient was’first
L ' ' : : . A L - o=

measured on his 23xd Egéizﬁa;ative day.i'since.receivipg the heart

RN

ER

. : . « e
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of a man 16 vears hiS'ﬁunior (Table 1), he exhibited a satisfactory
recovary. Between Januéky 23, 1969 and April 25, 1969 a total of
31'zéG tesfs Were conducted. The results of the humerous deter-
minations of thease teéﬁs are listed in Téble 2. The separation; L,
of elecfroda nutibers 2 and 3 ranged between a minimum distance'éé
24.0'¢éntimeters to a maximum of 32 centimeters. From beginning to
end, a slightly decreasing trend persiated {Figure 2). The =piking
variations that occurred from one measureﬁeﬁt to the‘next seemad
the result of the patieﬂt‘s inability to sit erect for platemant
of"electfode 3.. The sticky Eape electrodes were often troublesoma
which also contributed to variable placement of electrode 3. On
other occasions electrodes 2 and 3 were placed to avoid in#raVenous
. cutdowns, chest tubes, and maasivé bandages. These differénces in
L did not produce consistent variations in other time'variant or
instrumeht outputs.

The thoracic impedance (Z,) data for the patient lying in
bed fanged from 16.3 to 27.2 ohms. A single chest tube was im-
planted on Jénuary 23, when a bilateral pneumothorax was detecﬁed.
It was removed on January 30 with ciearing of the chest. During
this period 2z, exhibited a moderately decreasing siépe, which
with tt= clearing of the pneumothorax reverted to a nearly flat
plot of data points until February ZO. The'increaéing value of 2,
beginning on February 26 was precedad on.&he day béfore with bi,

lateral pleural effusion. Clinical indications on April 14 were

S Cwadrstaae, Sl v i Lm e

el s ;i

e -
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auggéstiVe\bf right-sided heart fallure. The square of the ratio
of ﬂ to Z is seen in Figure 2 és the mirror image of the thoracic

. resistivity £ . As seen in the relationship foi @ above, thoraciv
'resistivity varies directly with 2, on inversely with L.

Bxcept for the*Januafy 23 measurement dz/dt min. ranged
from 0.9 to 2.45 ohms/sec. The approximate overall average was
1.4 ohms/sec. During the periods of February 3 to 10 and February
22 to 24, d4z/dt min. recorded least values during which there were
no remarkable clinical notes. Note the generally increasing trend
beginning with Féﬁxua:y 26 which was preceded on the day before
with a bilateral pleural effusion. ﬁ@wever. when a pnéumothorax
was noted for the period of Fanuary 23 to 30, dz/dt min. varied
“markedly but without a trend.

The gradual decreasing.g:aph of intexrval R-%Z is marked by
only two points of deviation from the beginning of the measurements
until Februéry 26 (Figure 3). During this period‘R~z varied from
a high of 95 milliseconds down to a low of 70 milliseconds. After
February 26 Rré became very erratic. This period was initiated
Qith a bilateral pleural effusibn which was noted to last until |

April 3,

GBI o

During the period of March 6 to April 2 the patient did
moderately well with no remarkable chart notes. Further, the
patient's improved ambulatory condition in the hallways and about

the hospital grounds made it difficult to find him for a 2CC
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mgasurement. Thus no records were #aken during this timé. on
*iﬁfilth he developed a sinus tachycardia which was followed in
later days with additional episodes of tachycardia, atrial fibril-
iatiOn, atrial,flﬁtter, splkifig heart rates, and VPC's. These |
conditions were effectively controlled mainly with digitalis which
returned the patient_to normal sinus rhythm.

The interval T (or effective ventricular ejection time)
seems to correlate most closely with the clinical st;tus of this
patient in regard to cardigc rejection. On February 3 and again
on April 25 this patient exhibited acute episcdes of cardiac re-
jection. Beginning January 25, T decreased consistently until it
stabilized at a minimum on February 3. This is the period,pf
pneumothorax which ended on January 30. At 2 a.m. on February L,
the patient went into paroxysmal atrial tachycardia which changed
to atrial fibrillation at a pulse rate of about 150 beats per
minute, VSeveral hours later after digitalis, the rate dropped to
92 beats per minute - normal rﬁythm. This sequence of events oa-
curred éeveral times during the next 36 hours. In addition, pred-
nisolone was increased from 200 mg. to 500 mg. daily. Late
February 3 the patient stayed in norﬁal sinus rhythm, but with
continuous atrial flutter. Note the slightly erratic but steauy
increase in T after February 3. On the lith'normal sinus rhythm
returned. The patient made slow but steady improvement until

April 11 when the T value started to decrease. Two aays later,
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-sinus tachycardiazgdcurfed, to be followad wigﬁ_affial flutter on

April 17. :During the reﬁaininq days this pat{éht'compiained of

3

-shortness of breath in addition to having'af irritabile heart which

‘ 7 ey
- . oy e '
could usually be controlled with digit&li7A Oon April 25 the patient

gufferaed a cardiac arrest which was piec"éed by ventricular fibril-
lation. Pellowing successful resusﬂf@é%ion the last 2CG measure-
ment shown in Figures-z and 3 was taken. Pwo houfs 1ater.tales

and multiple arrhythmias preceded ventricular fibrillation which
resulted in irreveréible catdiéc arrest. Although the heart rate
vacillated markedly during the days of these measurements, it was
fortunate that data was always recorded during a periocd of stabilized
heart rate which strengthens the validity of the T interval deter-

rninations (except for the very last occasion). Stroke volume and

.fcardiad output (which follows from the heart rite) appeared Ec be
Esoﬁewhat high. Except for the single high value on February 14,
fali values remained high but with a consiﬂfency. A value of

1/’= 150 ohm~-cm was used for the electrical resistivity of blood

iin these calculatiOns. This J/ valﬁe of 150 is for a hematocrit of
-f4r%. On several occasions the hematocrit was measured at 36% which

f would correspohd to a P value of 135 and this if used would result

in a considerable reduced ﬁut realistic value of stroke volume.

Patient J.H. This man received the heart of a man 21 years

his senior (Table 3) and was measured initially with the 22G method
on his ninth postoperative day. Fifteen 2CG tests were performad
on this patient between February 28, 1969 and April 24, 1969. The

determinations of these tests are listed in Table 4. This patient
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| exhibited a Very rapid redoﬁery. ﬂhe lack ¢f data between March 10
and Apr11 i was a result of this man' g mobility- in the vio nity of
the hoepital. On April 12 he was discharged with re—admlseion on
'April 22. e | . |

BExcept for the'hiéh value of L on April 23 alloth#rs renged
between 22,70 and 29.20 centimeters (Figure 4) . ‘The leﬂéeet valus
of L = 32 50 centimetere resulted in the inabi;ity of Hhe patient
to move enf1 thereby not assist in the propeﬁ placement of the
electrodes. elndeed, the last three values are highest due to the
numeroud types.of 1ife-suppnrt equipment which wEré dttached to
sustain this patient in hisg condition of acute eardiac.rejection.
Bléctrode number,3_(Fi§ure 1) is perhaps the single most difficult
one to place under theee canditione.

Thoracic impedancea zd Varied between 21.0 and 25.3 ohms for
all meaeuremente {Figure 4). For the latter fwo. the patient was
supported by a resPirator. Stable 20G records were obtalned by
removing this respiratory supporta. Similar to patlent J.A., the
graph of thoracic resistiV1ty'GZ, is the mirror image of the square
of the ratio of L to 2z, (Figure 4).

For all but the last three measurements, dz/dt min. varjied
from 2,05 to 3.2530hms/sec. This was slightly higher over all than
for the patient‘J,A._.During the peetgée;afive periodfnthis patient
(J.H.) exhibited a more rapid recovery and a merked;y grazater
capacity for'physieal activity. 'Reca11 that 36 year-old J.H. re-

.ceived his heart from a 57 year-old man }Tab1e 3) and 63 year-old
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: J;igfeceiﬁeﬁ the héért from a maﬁ of 47 y2aré (Table 1), Rather .
thanzﬁhé age of the transplanted hgﬁkt, perhaﬁs thera is a diredt.
relationship between thé capacity for phyﬁical,activity.anﬁ dz/ddt
friin. Tﬁé final measurements 6£ dz/dt mln. {Figurat4) avaraged

.89 ohms/sec, which.iﬁfless than half theIValue recorded for this
patient while exhibiting a rapid recovery. Duving these latter
measurements this patient was removed from the regpirator at the
time of respiratory apnea for up t6 ten seconds.

The R-7 interval graph displays an erratic pattern while
ranging between 60.0 and 90.0 milliseconds (Figure 5}. On March:S
the hematocrit dropped %% from 47% on tﬁe dé& before. This is
roughly equivalent to a.loss of 1000 cec. of.bioodf The sudden 3jump
in the R-2 record corresponding with this drop in hamatocrit may
be suggestive of a theofy that a sudden ibsﬁ of blood'will result
in a longer pericd of time between the R spike and ‘the instant of
maximum ventricular contraction which is believed to coindidq Qith
the peak of the dz/dt record. The ventiricular ejection period, or
T interval,_during this éeriod vacillated'wiESOut any significant
trend (FigureIST; Heart rates also remained stabla but showed a.-
slightly decreasing rate, _1n additioh, stioke volumg remained
quite st&ble, averaging 100im1 while fluctuating ove}sg range of "
84 to 108 ml per stroke. ‘During this pa:iod of early March (fluct-
uating hematqcrit) and throughout the remainder of the month, the

patient continued to do very'well.
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On April 1 the patient's urine turned deﬁ:_]; which was followed
two days later with an elevation in bilirubin t'otj 2.7 mgm.%, A
diagnosis of viral hepatitis was made at this time. Coincidentally
‘the R~Z interval remainied miuch the ‘#ame as in the early postoperative
series of measurerﬁéﬁw. The ventricular ejection duration showad
a glight congistent increase in ti’m‘e which Cdoipcides with én::in-'-
crease in stroke volume = up 20 to 40 ml £Ton an earlier average
of 100 ml. 'l‘he condition of ‘\'i.-z_'_al. hepati tis uleai}éd. up in a few
.days ‘and the patiaﬁt continued tc &o well. Hs was-&iHC:harged on
April 12 &nd i:‘e-admiétéd ten days later with y low blood pressure,
a pulse rate of 120 béata/minute, temperature of 103 F, and com-
plaininy of weakness and c:hills;= fwo ZCG Meagyrements were made
36 and 42 ho_uf:‘s’:': later. Néte that prior to the day of discharge
the T recdr__d was depressed and upon re-admifsion was even more
markedly depressed., The greatly reduced stricke volum2 measuraments
which averaged 42 ml weére apparantly a restult of the adwvanced con-

dition of left ventricular failufe.

DISCUSSION

These serial measurements were made ©n tyo patients who hard :
| u ndergone new tevoluti-qnaify surgical procedures 6f éard:i_.ac trans-
| p_lanta{:i-on_. The.imp.e_dance cardiograph method of meas;n:_'ing qt‘fr’oké’
volume and cardiac output as weil as certain other paraméters was
used in hopes of 'det-ie‘cting cardiac reject £on, I1f cardiac r,ej;e'-qt'iﬁon

is de'te_ctéd before it reaches the advanced Sta'g_a of an 'acu_tea episode,
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the attending physiclan can more effectively treat the patient.
In these two patiets thrae episodes of clinical cardiac rejection
occurred, two 4n patiant J.A . and one in patient J.H. 1n all three

cases only the T intstval gxraphs gave an early indication of some-

thing happenimng. for patient J.A,, the T value began decreasing

ten days befoxe the first erisode qi_f rajection. It increased again'
only after the patimt's conditidi;x'-'stabilized and improved. Fifteen
daifﬁ before the suifm death of this patient which resulted from
cardiac .rejaction; the T value b'égan to decrease and continued this
trend until the tim of death. In the first case of rejection the
heart ‘rat-e wa s alvays constant vhen the 2ZCg dzta was recorded:
Dufing the second episode of rejection for J.A. the pﬁlse rate
varied moderately fron one measurement to the next. Judging from
the negative Slopeof the T graph for this episode, it appears
that fluctuat ing pulse rate had little influence upon T,

With patient 1,4, the i;ént-ricular ejec:tion time T varied
slightly more £rom one measurement to the next than for patient J.A.

In this case the Twilye started to decrease the day before he was

digcharged to hia,home,_ This was 14 days before his demise. There

is a 1l2-day bTeak {n the data from discharge to re~admission.

Further, since thers zre omly four measurements that make up this

- period of the -gfﬂPh;one must view this 'pa;;._ticulaz_" T plot and its

relationship to Gadiac redection with’ reservation. Due to the

spentansous cdeveloment and devastating effects of rejection, if a .

i reliable test for such i= ai’ailébla it should be performed daily.
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Since this initial study of tﬁe impedance cardiogram methcd,
four other cardiac transplant patients are under study with the
Minnesota Model 202 instr-ument, Certain changes in technique
have been initiated with +these studie=s. All were studied within
the first 24 hours followding transplantation. Measurements were
made daily with rare exceptions, Non—adhesive metal braid electrodes
were substituted for the Mylar foil tape for electrode numbers 3
and 4 (Figure 1). A simia ltaneous heart sound record is routinely
recorded which aids in piﬂrlPOin'tinfy the exact instant of acrtic
valve closure, since in €34 dsteriorating states of later patients
this instant was masked % _unusua.l az/at records.

In all patients since -thi_g initial study, the hematocrit was
recorded and used to arri Ve at a more realistic value for the
electrical resistivity (/.) of vlood . The resulting determinations
of stroke volume and cardiac gutput have produced realistic Vaiues
for cardiac outpﬁt which TXange between £five and six liters per
.finute.

1t appearé. at thi.s. time that reliable and reproducible re-
cords can be obtained wi<th a thorough understa.n':‘.{i.ng of the instru-
mant and a cer‘t;in éperative-p'foficiency. xn addition, it is felt
that the impedance cardi ©9taph may lead to tﬁ.e understanding of
o_t‘her intracorporeai dis€Ulhnees thxroudgh improve"d techniques ot

data analysis.
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Table 1

RECIPIENT

J.A. 112 68 27 White Male & 3 Years
Diagnosis: Severe acquired coronax¥ artery
- '~ digease of all vessels With in~

farction of 50% of the left yen~
tricle.

DONOR

M.B. 115 04 12 Wﬁi{:‘e' Male 47 Yeyrs

Estimated Grade of Match: B

Pregervation: Hypothermia, 17° ¢ —Chilled
Ringexr's Lactate

Total Iéchemia Time: 1 Hour
Implantation Date: danuary "1, 196 2
Expiration Date: Aﬁril 25, 1969
Duration: 16 Weeks

Cause of Death: Rejection ~ Cardi &¢ Failure



Table 2

PATIENT: J.A. 112 68 27 N.v.H.
ELECTRODE| THORAGIC ] THORACIC |
SEPARATION | IMPEDANCT 1:1'1'1-:1:"\(.«14 INTERVAL | RESISTIVETY ) | STROKE CARDIAC
i D{\Y L Py R-Z" T R dZ/di - VOLUME HEART RATE! OUTPUT
DATE rPosTOF Cm Olaus M Sec SEC Qhru-cm Qhmfser 147, {L/ %) 2 filt L2z “"%""E] daz/dt mil Dcats/Min L/ Min
1422449 22 0 31,50 0 .22 0 3,78 0 0 0 0 0 80, 54 0
1/22/69 22 o 3n, 20 h .22 Q 3.67 i} ] 0 0 i 80. 54 0
L/E376Y 23 32,00 29, 60 0 L33 535, 82 4,47 1,20 5,38 1. 45 6,48 170.0 76, 44 12.98
1/23/69 23 A2 i) 29,70 0 .28 598. 27 4,15 1. 08 4,47 1,16 4. B2 205,82 76, 92 15.83
1424469 24 31.0¢ 24,50 95,00 .36 509, d.b 1.77 1.27 2,25 1.60 2. B4 152.98 84.52 12. 94
1/25/69 25 30,00 2:. 90 92,50 it 535, 02 2.05 .20 2.47 1,45 2.98 140. 77 84.21 11,85
1727769 27 31.00 27.20 90, 00 .28 565, 58 2.20 1. 14 2,51 1,30 2.86 120.02 91, 62 11.00
1/28/69 2B 34,00 26. 70 90, 00 .25 555, 18 3,25 1,10 3,77 1.35 4,38 167, 43 102,13 17. 09
1/29/69 29 3L, 00 2110 9¢, 00 .23 438, 74 2.45 1,47 3. 60 2. 16 5.29 178.89 85,91 15,37
1/30/69 30 30,00 25,10 80,00 24 539, 31 1.51 1,20 1.81 1,43 2,16 77.78 85.12 6,62
2/3/69 34 28.00 19,90 82.50 .23 458,12 1.00 1. 41 1.41 1. 98 1.98 68,23 83. 63 5.71
2/4/69 35 27.50 20.00 75,00 .27 #68, 80 1.32 1.38 * 1.82 1.89 2.51 102, 38 85,11 8.7
215169 36 31.00 20, 30 72,50 . 26 dz2.11 1.19 1.53 1.81 2,33 2.77 108, 09 42.48 B.91
246/69 37 29,00 i8. 80 72.50 .25 417.88 LoeT 1,54 1,80 2.38 2.78 102,05 82. 48 8. 41
2/10/69 41 24,00 16. 30 n2.50 .3 437. 19 1.19 1. 47 1.75 2,17 2.58 119,94 0%. 91 10,90
2{12/69 43 2B.350 18.50 70, 00 .28 418,42 L.48 1.54 2.29 2.37 3,52 148. 95 83.63 1, 43
2/13/69 44 2B.75 18,90 70..09 .31 423,75 1. 16 1.52 1.76 2,31 2.68 126, 69 71.43 9.05
2/ 14169 45 3. 00 19,40 80.00 .33 403, 39 2,05 1, 60 3.2 2,55 5.23 260, B3 73,17 19,09
z/E7/69 48 27.30 18. 90 70,00 .32 A6, 20 i, 37 1. 44 1.97 2.09 2,85 139.11 67,42 9.38
2/18/69 49 25.50 19,10 70,00 -0 B2, B2 1.51 1,34 2.01 1.78 2,69 0 65.93 0
2415069 50 27,00 18.80 72.50 o A48, 83 1,27 1. 44 1.82 2,006 2.61 o 63,63 ]
2/20/69 54 28. 10 18.80 72,50 .31 431,20 1,07 1. 49 1,59 2.23 2,38 111,68 75. 00 8.38
2iez2le9 53 25.30 - 17.60 70. 00 .32 448, 41 .92 1. 44 1,32 2,07 1.89 92,97 67.04 6,18
224169 55 25, 80- 17.00 72,50 .35 424,73 .91 1.52 1,38 zZ, 30 2.09 109.09 78. 69 B.63
2/26/69 57 25.70 18,30 72,50 .30 458, 99 117 1,40 1,65 1.97 2.32 124. 35 71,43 8.88
2128769 59 26,40 2p. 00 100, 00 .34 488,33 1. 44 1,32 1. 90 1.74 2.51 129,11 68, 62 8.86
173769 ¥ 33.70 20.30 B2,50" .34 400. 00 1,13
315769 64 24, 80 19. 00 87.50 .35 493, 84 (PR [T .87 2. 70 3.10 156. 98 76.92 12, 08
3/6/69 65 23.10 20,30 80, 00 .33 566, 40 1,38 1.31 1.83 1,70 2.46 130. 80 78, 43 in, 20
412469 92 26,40 19, 10 100. 00 .35 U, 30 ield 104 L. 29 1,29 1,79 89, 44 a0, 91 4,13
44111769 101 26,00 1%, 90 82,50 .33 412,33 1.50 1,38 1.58 1.91 2.18 115,39 59, 70 6.89
*tl 18/69 108 28. 00 21. 90 4990, 00 , 3:2’ ??-: rl? l.‘):f 1. 46 2.19 2.12 3.19 157.68 62, 02 9. 78
4/23/09 113 29,00 5.30 105. 00 2 A7, 10 7 1.23 2.51 1.63 121 154, 31 49.18 7.59
‘1[25/&)9_ 116 30.00 20.70 85,00 R A1, TT 1,57 1.24 2.23 1.55 2,78 114,32 79, 464 g, 95
1,45 2,28 2.10 3,31 88.45 153, 30 13, 66
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Table 3

RECIPIENT

J.H. 115 26 85 White Male 36 Years

Diagnosis: Cardiac myopathy

DONOR

E.R. 87 00 88 Negro Male 57 Years
Estimated Grade of Match: B

Preservation: Hypothermia, 17° C - Chilled
Ringer's Lactate

Total Ischemia Time: 1 Hour, 30 Minutes
Implantation Date: February i9, 1969
Expiratory Date: April 24, 1969
Duration: 9 Weeks

Cause of Death: Cardiac Rejection



Table #

PATIENT: J.H. 115 28 85 M.Y.H.
ELECTRODE| THORACIC : THORACIC
SEPARATION| IMPEDANCE| INTERVAL | INTERVAL | RESISTIVITY] STROKE CARDIAC -
DAY - 2o R-Z T R dz /e VOLUME [HEART RATE{ OUTXPUT =
DATE FOSTOP Cm Ok M E Ohm- s ! 1EAR e
_ w me Sec EC m-em | Ohm/sec Liz, | (Lrzgdzdt rz? (L2 z%yazidr i Beats/Min L/ Min -
2/28/69 9 25. 65 20. 90 B7.50 .21 513,62 2.05 i 1.23 2.52 L.5t 3.00 96, |1 93,75 9.01
3/1/69 10 23.30 24,10 §0.00 .23 651.99 2. 65 i .97 2.56 k! 2. 48 33,77 0, 4G 7.91 -
i
3/3/69 12 26.25 23,30 95. 00 .18 559.51 2.91 ! 1,13 3,23 1.27 3.70 101.1%9 92.31 9, 34
1
3/5/69 14 25.05 23,70 75.00 .20 596,38 3.23 L. 06 3.4 .12 3. 63 107,54 96.39 L0.57
3/6/69 15 24,05 22.10 77.50 .13 579. 24 2.9 i 1.09 317 118 3.45 94, 35 89.55 B.45
3/10/69 19 26.80 25.30 87.50 .25 595. 07 2.57 1.06 2.73 L.12 12.8¢9 107.26 78.69 8.44
4/1/69 41 22. 70 25.05 BS. 80 .26 695. 61 2.15 | .91 L. 95 .82 1.77 69.52 86, 96 6.05
! » 7
4/2/69 42 z7.00 25.00 92. 50 .27 583. 66 2.50 i.08 2.70 117 2.92 -L117.00 84.51 9.89
4/4/69 44 28.30 24.10 92. 50 .28 536, B0 228 .17 2.67 1.38 3.1 132.95 80.00 10. 64
4/7/69 47 26,75 23.10 82,50 .29 544, 34 2.39 I.156 2.7 (.34 3. 20 138.06 83.33 11,51
4/11/69 51 27.50 24.90 85.00 .25 579, 75 2. 80 , I.l0 3,09 .22 3,42 129, 44 94,12 12,18
4/11/69 51 27.50 25, 50 90. 00 .24 584,51 3. 00 : 1.08 3. 24 1. 16 3,49 £22.90 96.7% 11,89
L
4/23/69 63 32, 50 z2, 60 ~0. 00 .16 438,34 .98 : o4 1.40 2,07 z.02 49,17 12245 6.02
4/23/69 63 29.20 21.60 0. 00 .16 466,29 L7 : 1.35 1.05 1.83 1.42 34,56 109. 60 3.79
4f24/69 64 28.70 21.30 65.00 17 467.82 .93 : 1.35 1.25 1.82 1,68 14,09 86_96 3_83
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For each measurement the patients were fitted with aluminized Mylar
roil electrodes. Electrode riumbers 3 and 4 at the xiphoid process
and umbilicus respectively proved the most difficult to place. This
was because of the postoperative :equirements resulting from the
nature of the foregoing surgical procedure of this magnitude. All
of the data points connected by a solid line on Figures 2, 3, 4, and
5 were a result of records taken while the patient waé lying in bed

and inclined 20 degrees.
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The data that appears in Table 2 is plotted in these two companion figures. ‘The first

record was taken on this patient's 23rd postoperative day. The last record was taken

three hours before this patient's demise £from acute cardiac rejection. The break in

the graphs betwesen March 6 and April 11 marks a period of 26 days in which no ZCG data

was recorded.

Figure 2

Figure 3
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The data that appears in Table 4 is plotted in these two éompanion figures. The first ZCG
measurement was recorded on this patient's ninth postoperative day. The last was recorded on
his 64th ppstoperative day, about five hours preceeding death from cardiaz rejection. The brezak
in the graphs between March 10 and April 1 ﬁarks a period of 21 days during which no ZCG measure-
ments were recorded. The dates of April 11 and April 23 are the days of discharge and re-

admission respectively. No records were taken during this time.

Figure Uu Figure 5
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Transthoracic electrical impedance has been used as a
noninvasive means for determining cardiac output (1) but in-
consistent results have precluded its widespread clinical
application for this purpose. |

Recently we have employed transthoracic electrical im-
pedance as a guide to the early detection of experimental
pulmonary edema and insufficiency (2), Implicit in the sys-
tem was the use of the Minnesota Impedance Cardiograph as
described by Kubicek (1), These studiles demoﬁstrated that
transthoracic impedance changed up to 45 minutes prior to
gstandard measurements such as arterial blood gases, blood
pressure, central venous pressure or compliance when experi-
mental pulmonary edema was produced by the intravenous infu-
sion of alloxan.

Thea current report presents preliminary clinical data
concerning change in transthoracic impedance as it reflects

intrathoracic fluid accumulation.

Materials and Methods

Twelve clinical studies have been carried out as summar-
ized in Table I. |

The impedance plefhysmogfaph monitor as described by
Kubicek was used in all studies. The four-electrode system
was arranged so that the upper two electrodes encircling the
neck were as far apart as possible, the third was at the level

of'the xiphisternum, and the fourth around the lower abdomen.



., -69-

Electrodes at the upper neck and lower abdomen were excited
by a 100 kHz sinusoidal current, and the impedance between
electrodes two and three recorded as Z2,. Such a system mea-
sures impedance of a cylindrical core along the long axis of
the thorax and is relatively uninfluenced by respiratory move-
ment.

When repeat studies were performed or electrode bands
replaced, care was taken to replace the electrodes in posi-
tions identical to the opriginal placement. This kept the dis-
tance between electrodes two and three (L) as uniform as pos-

‘sible.

Results

In all three patients with pleural effusions there was a
linear relationship between impedarice (Z,) and the amount of
fluid removed by thoracentesis (Fig. 1). As little as 50 ce
of fluid removed altered impedance readings.

Following extensive trauma and resuscitation, impedance
values appeared to pavallel changes in pulmonary uynamies. In
- one patient following a crush injury to both lower extremities
requiring 6,500 cc of blood and 3,500 cc of crystalloid solu-
tions for resuscitation, a decrease in impedance heraided a
change in pulmonary dynamics. Approximately 30 hours after
injufy a drop in Z, from 24.5 to 2?.& occurred;' Arterial gases
at this.time revealedra PO, of 35 ﬁﬁ Hg. Nasal oxygen (3-5
L/min) restored the PO, to 75 mm Hg and impedance:Values grad-

- ually rose over the next eight hours.
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In a second patient sustaining a gunshot wound to the
abdomen requiring 17,000 cc of whole blood during resuscitation
impedance values reflected her hospital course (Fig. 2).
Baseline impedance measurements reached a high of 13.7 one
day after injury and gradually declined to 12,00 on the
eleventh post injury day when’the patient died of progressive
respiratory failure characterized by hypoxia and a progressive
rise in pressures necessary for respiring the patient. At
autopsy the lungs weighed 1000 and 900 grams respectively.

In annther patient with hemorrhagic pancreatitis impedance
values increased following diuresis and paralleled improve-
.ment of the arterial gases and clinical status (Fig. 3).

In the three cardiac cases impedance changes reflected
the status of pulmonary fluid volumes. One patient with
conatrictive pericarditis, a right pleural effusion, and
congestive heart failure, preoperatively had impedance
velues of 19.5 - 20,0, while postoperatively there was a
gradual rise to 24.2 on the second postopérative day. At
this time CVP, blood pressure and arterial'gaées were
normal implying normal pulmonary hemddynamics.

The most striking change in impedance was recorded in a
patient with a ventricular aneurysm and congestive heart
failure. Admission impedance values were 20,0. Two weeks

later after losing 20 pounds of fluid, impedance rose to 32.C.

A
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Discussion

The early detection of pulmonary edema is extremely
difficult. Existing methods for its detection are insensitive.
Once frank edema oecurs a vicious cycle is begun which
enormously impedes therapy. Edema begets ischemia of the
aleveolar membrane which in turn sponsors additional fluid
leak. Difficulty in treating pafients with established
pulmonary insufficiency following nonspecific trauma represents
only one need for an objective method for the early detection
of puimdnary edema.

Electrolyte solution accumulation within the lung par-
enchyma or thorax theoretically should alter electrical -
impedance. Experimentally we have shown that electrical
impedance changes up to 45 minutes prior to other standard
measurements such as compliance, BP, CVP, or bleood gases,
when pulmonary edema is produced with intravenous alloxan (2).
In our clinical studies impedance changes paralleled changes
in blood gases, compliance, BP and CVP but at present it
cannot be stated that it predates them. Using impedance
measurements it does not appear possible to distinguish
between fluid accumulation within the pleural cavity inter-
stitial space, intra-alveolar space, or within the pulmonary
vasculature.

Using the present system a relatively stable reading
may be obtained. There are several drawbacks to the present
s7stem. _In the agitated or restless patienf impedance read-

ings may vary considerably due to motion. Furthermore,
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patients with bulky dressings or a tracheostomy may prevent
accurate placement of electrodes, and if the distance between
electrodes two and three (L) is not kept censtant the base-
line impedance (Zo} changes markedly. By altering (L) 6 cm
~in one patient the Zo varied from 27 to 3?. TFinally, it 1is
not yet clear whether a narrow normal range for Zo can be
established or whether each patient must serve as his

own control., It appears, however, that impedances below 15
definitely indicate large amounts of intrathoracic fluid
accumulations while those above 23 indicate relatively ﬁormal
lungs or intrathoracic fluid volumes and are associated with
normal blocd gases and a normél CVP and BP.

The ratio of L/Zo and L2/Zo was also calculated in an
attempt to see if the impedance changes related to the distance
between electrode two and three would give a more consistent
normal ovlabnormal range. Preliminary data is inconclusive
but this ratio does not appear to offer any advantage over

direct impedance measurements,

Conclusions

Twelve patients with a variety of clinical conditions
either pfoducing oﬁ'éuspected of producing increased intra-
thoracic fluld volumes were studied with the Minnesota
Impedance Cardiograph System. Preliminary data indicate

that Zo changes are an accurate reflection of changes in

intrathoracic fluid volumes.

W
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TABLE 1

CLINICAL IMPEDANCE

DISEASE

TRAUMA

PLEURAL EFFUSION

CARDIAC SURGERY (PUMP)
CARDIAC SURGERY (NO PUMP)
PANCREATITIS

CONG., HEART FAILURE

TOTAL

IH MR N W F l

12
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PLEURAL EFFUSION

36 VS
IMPEDANCE

IMPEDANCE - OHMS

100 300 500 700 900 100 1300
¢cc EFFUSION

Figure 1 Impedance (Z,) plotted against cc of pleural
effusion aspirated
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Post-traumatic pulmonary insufficiency is one of the major
causes of morbidity and death in severely wounded combat casu-
alties and in elderly patients who are subjected to major supr-
gical procedures. Evidence is gradually accumulating that the
syndrome of progressive pulmonary insufficiency after injury
is partly attributable to interstitial pulmonary edema that is
clinically inapparent.2 The need is obvious for simple methods
which might provide early detection of the accumulation of
fluid in the lungs.,

Lofgren's studies of the intact rat kidney demonstrated
that increase in renal volume was accompanied by decrease in
electrical impedance of the kidney.6 He postulated that im-
pedance methods would provide the basis for observing the de-
velopment of edema in a complex tissue. More recently, Pomerantz
demonstrated a fall in transthoracic electrical impedance with
intratracheal or intrapleural instillation of fluid and with
alloxan-induced pulmonary edema.g The present experiment was
designed to determine changes in transthoracic electrical imped-
ance that accompany intravenous overinfusion and pulmonary edema
and to relate these changes to certain hemodynamic factors in
control animals and in experimental models of hemorrhagic and
septic shock. Emphasis was placed upon establishing the re-
lationship between transthoracic impedance and conventional

measurements which are used in the care of critically ill patients.

METHODS  AND MATERIAL

In conducting the reésearch deseribed in this report, the

investigators adhered to the "Guide for Laboratory Animal
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Facilities and Care," as promulgated by the Committee on the
Guide for Laboratory Animal Facilities and Care of the Institute
of Laboratory Animal Resources, National Academy of Sciences -

National Research Council.

Fifteen beagie dogs weighing 7.9 to 10.8 kg. were anes-

thetized with sodium pentobarbital 30 mg. per kg. Three}

%
- dogs weighing 16-17.5 kg. splenectomized at least two months

mongrel

earlier were similarly anesthetized. The thorax, abdomen and
neck were shaved and electrode tape (3M Company, St. Paul, Minn.)
was applied circumferentially at four specified points (Fig. 1).
Electrode 1 was placed at the upper cervical level, and elec-
trode 2 just above the thoraecic inlet. A thoracic strip, elec-
trode 3, was placed at the xiphoid and a fourth at the umbilicus.
These strips were applied using standard EKG electrode paste for
improved skin contact and were attached to electrode leads 1-4,
respectively, of a Minnesota Impedance Cardiograph Model 202.
Total impedance between leads 2 and 3 (thorécic inlet to sternum)
may be determined by this method and veflects electrical resist-
ance of the entire intrathoracic content. Impedance measurements
. were read directly from the instrument during the course of the
experiment, each impedance unit reflecting one ohm resistance.
Large catheters were placed in the femoral artery and

femoral vein of one lower extremity and advanced to fhe upper
abdomen. These were connected to appropriate pressure trans-
ducers attached tc a Sanborn 350 recording instrument. Another
catheter was placed in the opposite femoral vein and advanced

until a right ventricular pressure pattern was obtained. The
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catheter was withdrawn until the ventricular pattern disappeared
and fluctuation occurred with respiration. The catheter was

then assumed to be in the might atrium and was used to measure
central vencus pressure as well as cardiac output by the in-
jection of indocyanine green. Animals were subdivided into three
groups, each of which consisted of five normal dogs and one
splenectomized animal.

All animals were subjected to the infusion of normal saline
containing 25 g. human albumin per liter. This fluid was infused
in a volume of 200 cec/kg. at a rate of 3.0-4,0 cc/kg/min. Group
one animals served as controls and received this volume of fluid
without pretreatment. Group two dogs were subjected to rapid
arterial hemorrhage into a heparinized plastic collection bag
prior to overinfusion. 8ystolic blood pressure was maintained
at a level of 40-50 mm. Hg for 30 minutes, after which shed blood
was reinfused and saline infusion started. Group three animais

were given E. coli endotoxin, 2 mg/kg, 30 minutes prior to over-

infusion with the salineaalbumin solution. Two animals from
each of the three groups were ventilated with 100% oxygen for
calculation of alveolar-arterial oxygen gradient and pulmonary
venoarterial shunting. One of these animals in each group was
mechanically ventilated with a Harvard animal respirator at a
minute volume sufficlent *to maintain arterial pCO2 of 35-u45 mm.
Hg.

Priér to each experiment plasma volume and red cell volume
were determined by standard radicisotope dilutiom techniques

using Iodine-125 labeled serum albumin and Chromium-51 labeled
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autogenous red blood cells. Blood samples were obtained at
15-30, 45 and 60 minutes. Values were plotted on semilogarithmic
paper and reverse extrapolated to obtain a value for the time of
injection. Total blood volume was determined from the sum of -
red cell mass and plasma volume. Subsequent blood veolumes
were sequentially determined by calculation based upon starting
red cell mass (corrected for measured withdrawals) divided by
the observed large vessel hematocrit (corrected for the starting
whole blood: large vessel hematocrit ratio).8

Transthoracic impedance, central venous pressure, and blood
sampiles were obtained at baseline, after pretreatment in' groups
two aﬁd three, and after infusion of 50, 100, 150 and 200 cc/kg.
of solution. At these intervals arterial and central venous
blocd were obtained for determination of partial pressure of
oxygen, carbon dioxide and arterial hematocrit. Partial pres-
sures of oxygen and carbon dioxide were determined using an
Instrumentation Laboratories' blood Gas pH Analyzer Model 113.
Cardiac output was computed at each of these points using dye
dilution techniques. A bolus of indocyanine green was injected
into the right atrium from the central venous pressure catheter
and femoral arterial blood was sampled continuously using a Gil-
ford Constant Withdrawal Pump. The dye dilution curve was trans-
¢cribed on a Beckman cardiodensitometer from which cardiac output
was calculated. Pulmonary shunt was calculated using alveolar-
arterial oxygen gradient and arteriovenous oxygen difference
incorporated into the standard shunt formula. The development

of pulmonary edema was determined by auscultation of the chest
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and endotracheal tube or by the efflux of frothy fluid from the
endotracheal tube. At the termination of each experiment, ani-
mals were sacrificed. Weights of heart and lungs drained of
blood were then determined and expressed as lung-heart weight
ratio. Lung specimens from each dog were obtained for histo-

logic examination.

RESULTS

The effects upon impedance of the supine pozition were
minimal and varied slightly with depth of anesthesia. Minimal
fluctuation was also noted with normal respiration. The effects
of hemorrhage and of endotoxin per se were also small. Although
rise in impedance was anticipated with the hypotension that in-
variably accompanied both hemorrhage and endotoxemia, impedance
rose no more than 2 units in either instance. In splenectomized
animals this response was accentuated to only 3 impedance units.
Likewise, forceful hyperinflation with a respirator failed to
increase impedance more than 3 impedance units,

Results of overinfusion in the three experimental groups
are expressed in Table 1 and Figure 2. Acute expansion of in-
travascular volume with saline-albumin solution resulted in imme-
diate change of transthoracic electrical impedance. In fact,
the first 30 cec infused was invariably accompanied by'fall in
electrical impedance. This change became progressively more pro-
nounced as more fluid was infused. Mean final impedance fall
was 16.08 in group one, 16.87 in group two and 14,48 in group
three. In general, fall in impedance was less in individual

animals of group two than in other animals., Expansion of
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calculated blood volume of U4l6 to 809 cc was observed in control
animals, 1C59 to 1400 in hemorrhaged animals and 506 to 1664 in
animals which had received endotoxin. Calculated central blood
volume was increased approximately 200 ce in each group of ani-
mals. In splenectomized dogs of each group, calculated total
blood volume greatly exceeded values of non-splenectomized ani-
mals. Concomitant with increase in plasma volume, large vessel
hematocrit decreased 20.48 per cent in control animals, 23.25
per cent in hemorrhaged animals and 26.17 in animals receiving
endotoxin,

Central venous pressure after infusion was elevated over
20 mm. Hg in all three groups of animals. Pulse rate remained
remarkably steady, varying little bnce the infusion of fluid was
started, Cardiac output was consistently elevated, however,
accompanied by diminution in mean arterial blood pressure, periph-
eral resistance and arteriovenous oxygen difference. Maximum
rise in cardiac output for control animals was 7.68 liters/min.,
4,94 for hemorrhaged animals, and 3.69 for animals receiving
endotoxin.

Progressive pulmonary shunting was evident in all animals
subjected to overiufusion (Fig. 3). Shunt's were calculated on
the basis of alveclar-arterial oxygen gradient while breathing
100% oxygen. Without mechanical ventilatien, maximum shunt
after infusion was 51% in control animals, 67.6% in hemorrhaged
animals and 62.6% in animals which had received endotoxin. How-
ever, with mechanical ventilation and 100% oxygen, maximum shunt

was always less than 35%. Likewise, fall in impedance of



animals in groups one and two was less in animals which received
. mechanical ventilation. This difference was not observed in
group three animals which had received endotoxin. Cardiac out-
put was initially lower in animals receiving mechanical venti-
lation than in those breathing spontaneously, but all outputs
with infusion were elevated well above baseline values (Fig. 2).
Pulmonary edema developed in all animals subjected to acute
volume expansion. This was usually detectable after 150 ca/kg
had been infused by auscultation of breathing via the thorax or
endotracheal tube. No alteration in the rate of impedance change
was observed once pulmonary edema had become evident. At this
time impedance usually continued to decrease steadily to lower
levels while central venous pressure was erratic, frequently
falling toward normal. Therefore, once full-blown pulmonary
edema had developed, central venous pressure was less reliable
as a volume index than was impedance change. In addition, while
CVP frequently returned toward normal at the end of infusion
(200 ce/kg), impedance ustally fell to still lower levels at
this time. Respiratory arrest occurred in one dog of each group.
In splenectomized dogs, pulmonary edema usually developed ear-
lier, was more severe, and was fatal in one dog. Lung-heart
weight ratios were equivalent in all three groups of animals
and regularly exceeded the normal ratios of 1,2:1. In-fact,
the lowest ratio obtained was 1.43:1. This ratio in splenec-
tomized animals regularly exceeded 2:1. On cut section, frothy
edema and areas of consolidation were evident. Miéroscopic

examination revealed multiple areas of interstitial edema and
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hemorrhage., Interstitial edema appeared greatest in animals

of groups two and three,

DISCUSSION

These studies have demonstrated that transthoracic elec~
trical impedance falls in a predictable manner with intravascular
volume overload., This phenomenon may be related to several fac-
tors theoretically capable of altering conductivity (hence re-
sistivity) of intrathoracic contents. Expansion of either pul-
monary intravascular or extravascular volume may be responsible
for decrease in impedance on the basis of an increase in con-
ductivity which accompanies increased electrolyte containing

iuid within the thoracic cavity. On the other hand, evenin the
face of constant intrathoracic volume, atelectasis may con-
tribute to increased conductivity by elimination of the resis-
tivity provided by air in previously expanded al&eoli.

Impedance changes in these experiments paralleled the rise
in cardiac output, fall in peripheral resistance and pulmonary
and peripheral arteriovenous shunting that occurred regularly
with hypervolemia. Differences in patterns of impedance change
could not be fully explained on the basis of any one of these
factors. Nevertheless, fall in cardiac output which accompanied
hemorrhagic and endotoxin shock did produce a small rise in
impedance. Similarly, transfusion of shed blood with res-
toration of cardiac output to normal resulted in a small drop
in impedance toward basal levels. During the production of
hypervolemia, maximal levels of cardiac output were obtained

while impedance continued to fall to considerably lower levels,
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thus mitigating against a major contribution of cardiac output
to impedance changes.

Change in impedance was regularly observed with the rapid
infusion of the first 30 cc of solution. This change occurred
prior to detectable elevation in central venous pressure. In
addition, central venous pressure measurements during infusion
seemed to fluctuate with the state of cardiovascular compensation
to the infused load, gradually falling off after reaching a given
peak. In contrast, impedance measurements became ﬁrogressively
lower until the occur 'ence of pulmonary edema. Once the infusion
was complete, and the animal was in frank pulmeonary edema, im-
pedance usually fell still further, while central venous pressure
measurements were more erratic, frequently returning toward nor-
~mal levels, These results would suggest that impedénce measure-
ments may be as sensitive as central venous pressure if a base-
line value is known.

Pulmonary edema was documented in these animals by the
occurrence of wet rales on‘auscultation, gross efflux of tracheo-
bronchial fluid, and increased lung-heart weight ratio at post-
mortem examination. In all animals wet rales were notsd after
the infusion of 150 ce/kg. All animals had lung-heart weight
ratios in excess of 1.43:1. Splenectomized animals in each
group seemed to develop pulmonary edema earlier than non-
splenectomized animals and had the highest calculated blood
volumes and lung-heart weight ratios (»>2:1). These findings
would suggest that the spleen may have served as a reservoir

for some of the fluid infused in non-splenectomized animals.
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The curious fact, however, is that fall in impedance was not
significantly greater in splenectomized animals than in those
without splenectomy.

The hemodynamic effects which accompanied acute volume over-
load in these experiments are not unexpected. Delivery of in-
creased fluid volume to the right heart occurs primarily as the
result of volume distention of peripheral vessels,8 decreased
viscosity due to hemodilution, and reflex vasodilatation.L¥
Augmented venous return is then accompanied by increased car-
diac output in all three experimental groups.

Hyperveolemia administered after hemorrhagic and endotoxin
shock, however, presents a somewhat different set of circum-
stancés. Endotoxin in itself has been incriminated in the pro-
ductioﬁ of pulmonary hypertension and edema.5 Hemorrhage and
reinfusion may also result in increase in pulmonary arterial
blood pressure and pulmonary blood volume.l In each group of
animals it is likely that increase in pulmonary capillary hydro-
static pressure contributed to the transudation of fluid from
the pulmonary vasculature. Increased capillary permeability may
also have contributed to this end point in shocked animals.
Impedance changes, however, did not contribute to differentiation
between increased pulmonary intravascular and extravascular volume.

In the light of the above evidence, it is reasonable to
assume that changes in transthoracic electrical impedance in
these animals are at least in part the consequence of extra-
vasation of fluid into the pulmonary parenchyma. Alterations
of lung-heart weight ratios and histologic examination support

this view. However, since lung-heart weight ratiocs were
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equivalent in all three groups, differences in the degree of
decrease in impedance among the three groups of animals are not
clearly related to formation of interstitial edema. Indeed, as
was emphasized earlier, expansion of intravascular volume per se
may account for significant changes in impedance, as when the
first 30 cc of fluid was infused. Therefore, differentiation
between pulmonary engorgement and engorgement plus edema is
difficult. It is anticipated that this problem may be par-
tially eliminated by better electrode placement.

In general, individual animals in group two (hemorrhagic
shock) showed a smaller fall in impedance than dogs in the other
two groups. Although these experiments do not settle the ques-
tion with certainty, a smaller change in impedance in animals
which had been subjected to hemorrhagic shock would support the
idea that pulmonary intravascular capacity may have reached an
earlier maximum during overinfusion in these animals, with con-
sequent reduced capacity for expansion by overload.

An additional factor of interest in these experiments is
the difference in fall in impedance between animals ventilated
with 100% oxygen with and without mechanical ventilation. Al-
though shunting was slightly higher in animals without mechanical
ventilation, impedance fall in both control and hemorrhaged
animals was considerably greater in the absence of mechanical
ventilation. It is possible that mechanical ventilation may
have retarded the development of edema in these animals with
consequent smaller impedance change. Also, microatelectasis
is known to accompany prolonged inhalation of pure oxygen.7

Microatelectasis may also contribute to fall in impedance by



-0)=

the decrease in resistivity afforded by the collapse of pre-
viously air-filled alveoli. It would appear that in these ani-
mals, fall in impedance may be related to the magnitude of pul-

monary venocarterial shunting,

SUMMARY AND CONCLUSIONS

Alterations 1n transthoracic electrical impedance are
regularly observed with acute intravascular volume overload.

Fall in the transthoracic impedance is accompanied by elevated
cardiac output, fall in peripheral resistance and peripheral and
pulmonary arteriovenous shunting. Impedance changes may occur
as the result of increased conductivity due to decreased intra-
pulmonary aeration (atelectasis) or to increased intrathoracic
fluid volume. Although relative changes in electrical imped-
ance may be as sensitive as central venous pressure in detection
of intrathcracic volume changes, differentiation between intra-
vascular and extravascular volume has not been possible in these
experiments. Nevertheless, the method appears to have merit as
an investigative tool and as an additional means of better patient
monitoring.

Additional studies are now in progress to determine the
effects of unilateral pulmonary arterial occlusion and unilateral
pulmonary edema upon transthoracic electrical impedance. Im-
proved methods of electrode placement are being investigated to

provide more direct measurement of lung impedance.
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Table 1. Values obtained for hemodynamic variables and
transthoracic impedance during overinfusion. Values represent
those for each individual animal of the three study groups.

"A" indicates splenectomized animals.
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The work of Pomerantz and associates and Berman and
associates as reported at this Symposium indicates a possible
further application of the Minnesota Impedance Cardiograph.
These investigators noted in both man and dog that the abso-
lute impedance value (Z,) can be correlated with the volume of
pleural fluid, the pulmonary shunt (Qs/Qt) the arterial oxygen
partial pressure (Pa02), and the central venous pressure (CVP).
Thoracic impedan.e may indeed be a good measure of thoracic
cavity fluid content. A fall in Z, may herald early inter-
stitial pulmonary edema before it can be recognized by the
usualy clinical parameters.

In our study of Post Traumatic Pulmonary Insufficiency,
we have been interested in the detection and quantification
of early pulmonary edema., Adapting a technique first described
by Chinardl we have been measuring the pulmonary extravascular
water volume (PEWV)2 in eritically ill and cardiac surgery
patients at the Peter Bent Brigham HosPitél. When normalized
in terms of the patients's total lung capacity (cec/L of TLC)
the PEWV has been found to correlate well with the clinical
course, X-ray changes and Qs/Qt (see Figure 1).

The measurement of PEWV involves the simultaneous injec-
tion of tritiated water (THO) and Evan's Blue dye (T 1824).
Blood samples are collected at one second intervals following
a single passage through the lungs and analyzed to determine

the respective curves of these two indicators (Figure 2). The
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difference in mean transit times (MTT) multiplied by cardiac
output is a measure of the PEWV, The method depends on the
fact that there is rapid exchange of THO across the pulmonary
capillaries, and that the recovery ratios of both indicators
are the same.

It is our hope that a good correlation will be found
between Z, as measured by the Minnesota Impedance Cardiograph
and our technique for measuring PEWV, If so, we will then have
a cohtinuous reading of the pulmonary status of our patients
which will be.of great help in therapy and an important add-

ition to on-line non-invasive computer monitoring systems.
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One of the more difficult problems facing the physician
responsible for the care of the critically ill patient is how
to evaluate myocardial function in a rapid and reliable mann-~r
which does not hazard- the patient to undue risk. It has be-
come increasingly apparent that adequate care of such patients
demands that the physician obtain an estimate of myocardial
muscle function as distinguished from myocardial pump function,
since in mahy critical illnesses it has been demonstrated that
significant increases in cardizc output can occur at a time
whén myocardial contractility éppears to be deteriorating (14).
Indeed, there are a number of high output shock states such as
that associated with septic shock (10,i%}, and the hyperdynamic
state seen in severe hepatic cirrhosis with portal hypertension
(15), in which a high output cardiac failure is often the event
leading to the patient's demise,

Recently Kubicek (7) has suggested that the use of a newly
designed impedance cardiograph may enable the computation of
cardiac output by thofacic impedance plethysmography without
percutaneous instrumentation. His studies both in canine pre-
parations, and in young men, studied in the erect position sug-
gested that quantification of cardiac output by this technique
corfesponds well with determinations obtained by standard indi-
cator dilution techniques.

The present.studies demonstrate that the clinical uée of

impedance plethysmography to measure cardiac‘outputsappears to
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yield information about directional changes only. However,

both experimental and c¢linical examination of the dynamic
aspects ¢f the thoracic impedance plethysmograph tracing reveal
important relationships which appear to be a useful guide to the
myocardial contractile state in the intact animal and in man

using non-destructive or minimally destructive techniques.

METHODS

Experimental Studies

A dog preparation anesthetized with light pentobarbital
anesthesia (25 mg/kg) was used. An intracardizc micromano-
meter (Statham SPl) was positioned at the root of the ascend-
ing aorta, just above the aortic valve, and a second was placed
into the ieft ventricular cavity via the apical dimple. This
enabled the measurement of intravenfrioular.dynamics simultaneocusly
with the aortic pressure pulse, without interfering with aortic
valve function. The heart was approached transabdominally
through a diaphragmatic incision, so as not to violate the chest
wall. After the intra-ventricular catheter tip manometer had
been inserted, the chest was evacuated of aivr and maintained
under a constant negative pressure of 1% cm of water. In some
animals only the aortie catheter tip manometer was utilized so
no to alter intrathoracic dynamieés in any way and to simulate
the clinical situation. The animals wevre artificially wrespired
with room air and all baro and chemoreceptors were left intact.
The thoracic impedance changes were measured using the impedance

cardiograph developed by Kubicek et al. (7). 1In this instrument,
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two electrodes are placed circumferentially around the neck

and two about the abdomen just below the xiphoid process. Al-
ternating current is sent through the outer electrode of each
pair and the change in voltage between the inner electrodes
measured throughout the cardiac cycle. The change in impedance
(A7), indicated by the fluctuation in the voltage, corresponds
to volume shifts between the two inner electrodes spanning the
thorax. This technique measures pulmonary and cardiac volumes,
but the slower respiratory cycle variations are electronically
buffered, leaving only the rapid dynamic changes corresponding
to events in the cardiac cycle. The ECG, the intraventriculan
pressure pulse, the aortic pressure pulse, and the impedance.
changes were recorded (Fig. 1), The change in impedance {(AZ),
and the first derivative of the impedance change (dZ/dt) were
compared with the first derivative of the intraventricular pres-
sure pulse (dp/dt), and the electrocardiagram. Myocardial con-
tractility and vascular tone were altered by the use of an ino-
tropic vasoconstrictor - norepinephrine, an inotropic vasodilator -
isoproterenol, and a non-inotropic vasoconstrictor - methoxamine.
In addition, two negative inotropic agents - pentobarbital, and
E.colil endotoxin, were also used to challenge the animals.

Clinical Studies

Six high risk patients undergoing hemodynamig studies as

part of a pre- or post-operative cardiovascular evaluation had
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simultaneous determination of cardiac output by both thoracic
impedance plethysmography (7,8) and indicator dilution techniques
using cardiogreen dye. In order to evaluate the impedance car-
diac outputs, they were compared to indicator dilution outputs
computed by both the standard Stewart-Hamilton method which
utilizes both the forward area under the dye curve plus an expo-
nential replot of the downslope, and the gamma variate method
of Thompson (24) which relies entirely on measurements made
during the rising portion of the indicatoy dilution curve. In
all instances the bolus of dye was injected ian%o the right atrium
and the arterial samples webre taken from the femoral artery.

Four of the six were studied under a variety of conditions
which frequently resulted in alterations in cardiac output, and
one of these, a hyperdynamic cirrhotic patient (15) was re-eval-
uated on four different occasions during his post-operative re-
covery following portal venous decompression for portal hyper-
tension.

In three additional patients using the Seldinger technique,
a long teflon catheter was placed in the aortic afch via the
femoral artery. Comparison of impedance and indiecator dilution
oﬁtputs were not déne in this group, but determinations of im-
pedance force-velocity relationships and the durational aspects
of the impedance pulse weré compared to more standard cardio-
vascular parameteﬁa; i,e,, heart rate, central aortic blood

pbessure, and the Stewart-Hamilton cardiac ocutput,
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RESULTS

Experimental Observations

A. Myocardial Isometric Time-Tension Relations

Studies in ten animals revealed that there was a consistent
relationship between the peak first derivative of the isc-volu-
metric portion of the ventriculay contraction, (dp/dt maximum)
and the inflection point in the impedance first derivative,
(dZ/dt(I)). Both of these points occurred before the time of
valve opening in the control non-stimulated animal (Fig. 1). The
time from the peak of the r wave of the ECE to the peak first
~deprivative of the pressure pulse (At dp/dt) 1s shown below each
panel, and has been compared with the time to the inflection
point of the first derivative of the impedance pulse (At dZ/dt(I)),
and the time to valve opening (At VO). The calculated value of
the first derivative of the isometric pressure @p/dt), and the
first derivative of the impedance pulse (dZ/dt) are shown, as
well as the calculated stroke volume. Also, under each panel is
the value of the computed Isometric Time-Tension Index Q%é%ﬁ,
which has been previously shown to also bg an index of myocardial
contractility independent of changes in fiber length (16,17);
This index and the related At dp/dt are altered only by those
interventions which also change the maximum velocity of shorf-
ening (16,17).

"The administration of norepinephrine to this animal (Fig, 1)

resulted in an increase in the peak pressure generated in the
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ventricle as well as an increase in dp/dt. There was a corre-
sponding shortening of the time from activation to the peak
dp/dt (At dp/dt), and this corresponded with a shortening in
the At dZ/dt(I). With the increase in éontractility produced
by norepinephrine {or isoproterennl), there was a tendency for
the time to valve opening (At VO) to also shorten, and this
tended to approach the time to maximum dp/dt, as is shown here.
The Isometric Time~Tension relation 9%4%3 also increased. After
the administration of norepinephrine had been stopped, all para-
meters of contractility tended to return to the control state,
suggesting that this is a reproducible alteration and that it
follows directionally the changes in myocardial contractility in
the intact heart,

Figure 2 shows the inter-relation between the time to max-
imum dp/dt (At dp/dt), and the time to the inflection point in
the first derivative of the impedance pulse (At dZ/dt(I)).

These data reﬁresent 150 observations in 7 animals and show a
relationship between these two, such that ihcreasing At dp/idt is
associated with an increase in the At dZ/dt(I). This change is
a function of the state of contractility of the myocardium.

When isoproterenol or norepinephrine were used, there was a
decrease in both of these values associated with an increase

in contractility. When agents which produce a decrease in
myocardial contractility, such és E.coli endctoxin or pento-
barbital, were used, there was an increase in both.values=over

the control range. The majcr departure from a linear relatienship
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between these values occurred with the use of methoxamine which,
in these innervated preparations, resulted in a decrease in
contractility, due to the reflex withdrawal of sympathetic activ-
ity to the myocardium assoeciated with the increase in systemic
pressures (2,18). There was also a marked disparity between the
At dp/dt and the time of valve opening, as the aortic diastolic
pressure was raised progress’ "ely. Under these circumstances

the period of electrical diastasis, represented by the At dZ/dt
inflection point, lengthened as valve opening and maximum dp/dt
separated widely in time: The signal to neise ratio becomes
significant during this pericd and it was somewhat difficult

to ascertain the exact point of the inflection of At dZ/dt.

As a result of this and perhaps other factors which are less

well defined, there was a tendency for the At dZ/dt(I) to 1engthén
to values greater than the values of At dp/dt. However, there
still appears to be a good general correlatiun, even when all

the points, including those produced by methoxamine, are taken

as a whole. The best linear approximation is shown here by the
calculatad value for the linear regression line (R = 0.88) with
its standard error of estimate of the mean (:0.01),

Figure 3 shows the relationship between the time to maxi-
mum dp/dt and the time of valve opening. One can see that thig
also is reasonably linear in character, although it is shifted 
along the time axis. The abnormalities occurring with methoxamine,
which raises the aortic diastolic pressure, becomé more pro- |

nounced with regard.ta their effect on At VO.



-11])-

Figure 4 shows the inter-relationship between the At dp/dt
and the time to the peak first derivative of the impedance pulse
At dZ/dt (Peak). This part of the impedance pulse occurs after
valve opening, appears to correspond to the time of peak aortic
flow (5,8), and reflects the total hindrance to ventricular
ejection. Again one can see that this relationship is further
skewed along the time axis and that the abnormality produced by
markedly increasing outflow resistance is further exaggerated,
so that At dZ/dt (Peak) becomes a relatively poor guide to alter-
ations in myocardial contractility.

Figure 5 shows tha linear regression slopes for these three
curves plotted on the same axis and ordinate. Although these
are only linear approximations to the functions shown previously,
they show the inter-relationship between fhe mean values of the
three with regard to the displacement in time of the At valve
opening and the At d%/dt (Peak) compared to the At dp/dt -

At dZ/dt(I) slope. This Figure also demonstrates that these
functions are not parallel, but that there is an increasing dis-
parity at the lower levels of contractility, suggesting that of
the three, under ordinary circumstances, the At dZ/dt(I) is the
best guide to alterations in At dp/dt, and by infepénce to alter-
ations in the maximum velocity of the myocardial force-velocity
relationship (16,17).

Table I shdws the results of an experiment from a single
animal in which all of the pertinent relationships have been.

compared following a variety of interveﬁtions. This table is
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a representation of the reliability and reproducibility of

these changes in an individual innervated preparation where

baro and chemoreceptor reflex effects were possible. Increases
in myocardial contractility effected by the use of the inotropic
agent, norepinephrine, produced a substantial reduction in the
At dp/dt, an increase in dp/dt, stroke volume, and cardiac out-
put, and a reflex mediated deérease in heart rate. The change
in At dp/dt was paralleled by the change in At dZ/dt(I), and

Was generally followed by decreases in the time of valve open-
‘ing and in the At d4Z/dt (Peak).in spite of an increase in sys-
tolic pressure. The values returned to control levels after
discontinuation of norepinephrine. The administration of meth-
examine, with its non-inotropic increase in aortic pressure and
after-1load f18), brought about a decrease in stroke volume and

a reflex mediated fall in heart rate and_in myocardial contrac-
tility, as reflected by an increase in At dp/dt, and At dZ/dt(I).
A marked lengthening in the time to valve opening and time to
peak dZ/dt also occurred, in contrast to the decrease in these
values occurring with the vasoconstriction produced by the posi-
tive inotropic agent norepinephrine. That a persistent depression
in myocardial contractility was produced by methoxamine is sug-
gested by the fact that there was a failure to return to the
control state even though the peak aortic pressure tended to be
réduced_tomaﬁda-the control level. This may be in part reflex

induced, as evidenced by the persistent decrease in heart rate
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at a time when the aortic diastolic pressure remained elevated.
In this instance one can see that there was a disparity between
At dp/dt and the At dZ/dt(I). However, the At valve opening
and the At peak dZ/dt show an even greater disparity with At
dp/dt, and only reflect the myocardial state in a qualitative
way. The use of isoproterenol, with its.beta adrenergic vaso-
dilating activity as well as its inotropic action on the myo-
cardium (13), was associated with a marked increase in contrac-
tility produced by both the inotropic and the chronotropin
effects., There was a reduction in At Ap/dt and in At dZ/dt(I).
Following the use of this inotropic agent, the residual myo-
cardial contractility seemed to be improved and there was a
return to control levels, Finally, the use of a negative ino-

tropic agent, E.coli endotoxin (13), produced not only a decrease

in myocardial contractility, as reflected by the lengthening of
the At dp/dt, but also a fall in the aortic outflow resistance
as evidenced by a marked decrease in the level of systolic and
diasteolic pressures; It also produced a lengthening of the At
dZ/at 1y, as well as a significant increase in the At valve
opening and the At dZ/df (Peak) value, demenstrating that de-
creases in contractility result in lengthening of thé dura-
tional aspects of the contractile process even when aortic
pressure falls. | 7

From these data it appears that alterations in the At dZ/dt
(Peak), which reflects the time course of ejection, can be influ-

enced by'the aortic outflow resistance, and also_by changes 1iii
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contractility. However, alterations in the At dZ/dt(I), which
occurs either before or at the time of valve opening, are only
slightly influenced by these effects and correspond in the main
rather closely to alterations in At dp/dt, and therefore to the
duration of the active state of the myocardial contractile proc-
ess. This index appears to provide an empiric correlate of the
level of myocardial contractility and its directional  changes

without requiring intravascular instrumentation. i

B. Myocardial Torce-Velocity Relations

Using thoracic impedance plethysmography it is also possible
to gain direct information concerning myocardial force-velocity
relationships which delineate the velocity dependent aspects of
contraction (19,20), provided that an accurate central aortic
pressure pulse with a high frequency response, using a catheter
tip micromanometer, can be obtained simultaneous with the imped-
ance pulse. In this treatment the impedance pulse (AZ) is eval-
vated as a function of the aortic blood pressure at 10 msec inter-
vals during the systolic ejection period (Fig., 6). The impedance
pulse during early systole is directly related to the ejected
volume (5-7), and the aortic pulse pressure'to the resistance
and capacitance factors opposing ejection. Together they reflect
~ the after loéé against which myocardial shortening=(ejectioﬁ) is
ocourring (125. This afterload value in mm Hg. ohms is plotted
against the instantaneous velocity of the impedance_éhange (az/dt)
in ohms/sec at each carﬁésponding 10 msec iﬁterval (Fig. 7)
beg;hning from the point of valve opéning.. This portion of the

'dZ/dt pulse is reiated'f&}the velocity of =ortic flow (7,8).
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By extrapolating the exponential portion of the downslope of
this impedance force-velocity curve back to zero load based on
the log-log slope occurring at peak dZ/dt, a function closely
approximating a true myocardial force-velocity relationship

is seen.

As many investigators have noted, the characteristic fea-
ture of the myocardial force-velocity relation is that while
diastolic fiber length may change on a beat to beat basis, as
a function of respiratory variation or volume infusion, so that
the extrapolated P, (maximum load) may chaﬁge on the basis of
a non-inotropic stimulus, the extrapolated V max {(maximum veloec-
ity of isotonic shortening) will be altered as a function of
changing contractility only, and therefore this Vmax serves as
a measure of the contractile state of the myocardium (1,9,17
19-23). As this-figure shows, neither alteratioms in end dia-
stolic pressure in the control state, nor tﬂe use of a non-
inotropic vasoconstrictor égent, methoxamine, produced an in-
crease in the extrapolated maximum velocity of contraction in
the experimental animal. However, both positive inotropic agents
studied, norepinephrine and isoproterenol, effected major incre—
ments in the extrapolated Vmax. While it is true that the'ft}ir
active state of the myocardial contractile element is dimin—
'ishing during the period following the development of maximum
dp/dt, if'is still at a high level during the early systolig

ejection phase.(lg), and probably permits determination of valid



force-velocity relationshipstduring this.period (1,9,19-23),
Certainly, as Fig. 7 shOWs,“the inﬁrease in the extrapolated
Vmax obtained»from.the impedance force-veldgify curve changes
in the same direction and to approximately.the‘same degree as
do other calculations of the maximum velocity of shértening
derived from direct measuremént of fhe force-velocity relation
(19—23); It thus appears.as if informatiqhucoﬂéerning the
veloeity related aspects of the myocardialréentractile state

can also be obtained from impedance plethysmographic measurements.

1, gCardiac output

The observations of Kubicek et al.{(7,8) and Harley and
.Greenfleld (5) have suggested that a correlation exlsts between
cardiac output determinations performed in man by ;mpedance cardi-
ogréphy and by indicator dilution or pressure pulse methods. Their
observations were made on normal subjects (7) or on patients with
chronic cardiac disease (5) studied in the erect position. In
our hands simﬁlpgneouslyperformed flow studies of high risk.gen-
eral surgical patients,“evaluated in the supine position either
pre- or post-operatively, revealed a poor quantitative correla-
tion between cardiac‘Oﬁtput determined by impedance pléthysmo~
graphy and by standard indicator dilution techniques. However,
there was a qualltatlve trend which Suggﬂsted that dlrectlonal
changes might be validly 1nd1cated.by the impedance technlque
(Fig. 8A)." The quantitative_aspeefs were improved if an ini-
tial impedance —CO/dye-CO ratio was used to correct subsequent
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impedance outputs (Fig. 8B)., Nevertheless, even this relation-
ship tended to change with time and with soﬁe integventions_ﬂ
which are known to alter myocardial function, perhaps as a :
function of alte?ations in pulmonary blood voclume, or.to diff-
erences in eléetrode placement on subsequent days (Table II).
There %as no consistent improvement in the COZ/CO dye ratio if
the gamma variatgymethod of computation was used iﬁ preference
to the Stewart—Hamiltén for the indicator dilution_éurve.

In contrast to the difficulty in quantifying fhe‘flow're-
lated aspecté'of impedance plethysmography in man, the dufétional
and veloeity related aspects of individual myocardial contractions

were more satisfactory delineated by this method. It was possible

to evaluate relative change in 4t dZ/dt(I) in all but one patient

who showed ECG evidence of a right bundle branch block. 1In
this patient the conduétion defect produced abnormalitiés in the
impedance pulse such that no clear cut inflection point could
be determined. As is shown in Figure 9, when a central aortic
pressure is also obtained, it i§'péésib1e to evaluate both the
At.dZ/dt(I) interval ahd thg extrapolated impedance Vmak provided
no major conduction atnormality or ventricular aéynergy exists.
In this Figure is shown the response of a 69 year old
female studied pre-operatively prior to the resection of a
recurrent sigmoid volvulus. The alteration in heart rate,
cardiac output (via Stewart-Hamilton caleculation of the cardio-

green indicator dilutibn curVe), blood pressure, At dZ/dt(I)’

“and impedance Vm§x ahd Po are presentéd in the box. The method
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exf@aﬁhlation of the impedance Vmax is shown in the main part of
the Figﬁre. Very little change in the impedance force-velocity
relation occurred during twoe control periods. A fifteeniminute
pefiod of inhalation of 100% oxygen produced a fall in heart

rate and cardiac output and a lengthening of the durationa1 
aspects of contraction, At dZ/dt(I). - The impedance Vmax fell.
After re-equilibration on room air the cardiac output rose as

did Vmaxrand‘the duration of At dZ/dt(I) shortened even though

no significant increase in heart rate occurred. The intravenous
.adminisfrafion of 4 mg of glucagon at this new control level pro-
duced a progréssive increase in the impedance Vmax‘and a decrease
in At dZ/dt(I) over a five minute peripd. These alterations in
the contractile response were accompanied by a significant increase
in the Stewart-Hamilton cardiac output 5 minutes after the admin-
istration of this inotropic agent. The increase in impedance
Vmax was increased to nearly 5 times the original control level
after glucagon suggesting that at least a part of the increase in
cardiac output was due to a true increase in myocardial contrac-

tility.

DISCUSSION

The studies of Sonnenblick (19-23) have indicated that the
best description of myocardial contractility is contained in the
myocardial force-velocity relatibnship which describes the alter-
ations in the velocity of myocardial shortening as a function

of the increasing afterload imposed on the myoéafdia1 fiber.



-119-

Siegel, Sonnenblick, Judge, and Wilson (17) evaluated the
inter-relationships betweer the isometric and isotonic

portions of contraction in papillary muscle fibers émd in

the intact heart. Their studies demonstrated that %he

temporal aspects of the isometric contraction are a function

%f the force-velozity reiationships, in that alterations in the
time from the onset of contraction to the peak isometfic o
forcé (at PO), and to the maximum first derivative of

isometric tension gevelopment:(At‘dp/dt) vary inversely with
changes in the maximum velocity of isotonic shortening (Vmax).
These interrelationships are shown in Table III., When myocardial
'contractiiity is unchanged but. the fiber length is altered

by increasing tﬁé diastolic volume (Panel A), each increaég'i

in fiber length increases peak potential isometric forcefiPo),
and increases the maximum rate of isohmetric fopce‘developﬁeht.
(dp/dt), but fails to significantly alter the maximum velocity
of isotonic shortening (Vmax). Of gfeater significance

with regard to the present study was the fact that as long as i;
the maximum velocity of shortening remained the same, the
time‘from the onset of contraction to the maximum force in . o)

the isometric contraction (At P,) was also constant, asg was : i

aleo the time to the point of maximum dp/dt (At dp/dt). These
time relationships were independent of increasing fiber length,
and could be used as a measure of the.changes in the maximum
velocity of shortening (Vmax). In a similar fashien when the

fiber length was maintained corstant and the contractile state
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of the myocardium was altered either by incréasing the rate
of activation (Panel B), .or by the use of an inotropic agent
(Panel C), such as norepinephrine, ete., it was found that the
maximum velocity of shortening (Vmax) increased and there.
was a corresponding increase in the absolute value of the first
derivative of the isometric tension (dp/dt). In addition, the
time from the onset of contraction to the %a;imum peak isoﬁétric
confractiqn (At Pgi, and to the maximum fﬁrsg_défiyated
(At dp/dt) also sﬁortened substantially as an invé@se function
of the increase in the velocity of shortening. This sug-
gested that alterations in the time from the onset of contrac-
tion to the maximum first derivative of the isometric portion
of contraction (4t dp/dt) could be uséd as an index. of aiter—
ation in the force-velocityrrelationship. - These time relation-
ships can also be measured in the intact normally functioning
ventricle, both in animals and in man, and appear to enable
the quantitative measurement of alterations in myocardial
coﬁtractility (16-18).

It is not entirely clear why the alterations in thoracie
impedance as measured by impedance plethysmogﬁaphy reflect
the time course of isovolumetric contraction in the canine
left ventricle, but it may be that the change.in shape or
relative position of the left ventricle occurring simultaneous
with the development of maximum dp/dt, changes the relative
'Qéiuma, and thus the_eleetfical impedarice, between the two
i sensiné electrodes. Observations bf the heart during the period

when maximum dp/dt is occurring suggest that it becomes more
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spherical at this time, as the agex of the vehtricie approaches

the root of the aorta. This mayxﬁroduce a period of rélativé

electrical impedance diastasis which can be observed in the
plethysmogfaphic tracing. Once valve opening occurs, the

impedance trace reflects the volume of blood in the thoracic

aorta (5,6), and the first derivative of the impedance pulse

provides information regarding the veloecity df ejection.

Although aortic run-off does occur during the early portion of

systole, the major loss pf volume from tﬁe_thoracic aorta occurs

in late systole and in diaétOle; SO théf the error of using vol-

ume rather than flow to compute the force-veloctiy relationship "
. 1is probably small. Since the conversion factor utilized by
Kubicek_(s,é) to obtain volume from impedance is based on a
theoretic approximately of the thorax 4% a cylinder (7) whiéh _
may not be correct, it is probably wise to determine the max-.
imum velocity in terms of ohms/sec as is shown in Figure 7,

and to use the ipdrease in maximum velocity as a relative index
of increasing contractility rather than see a conversion to the
absolute units of centimeters ﬁer seconé;

The disparity in the critically il ﬁatient between
cardiac output determinations computed by the standard
Stewart-Hamilton trééfment-of the cardiogreen indicator
dilution curve and by tﬁe impedance plethysmographic method may o
be the product of a variéty of factors. There are certainly .
errors inherent in the dy¢ curve analysis, especially in
high output states where early recirculﬁtion may occur. ‘More

important, however, are the assumptions on which the impedance
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computation formula (_L? _ ) is based. This nethod of trans

—z'o-zp
lating the impedance changee i-fhto volume change depends on
a theoretic consideration of the thorax as a ¢ylinder with
a uniform pattern of current flux énd assumes that the Sensory
electrodes lie on equipo:‘t.::éntial lines and +that the electrodes
are pressure insensitive (7.,8). Factors which independently
alter the base impedance value (Z,) during the course of
study will seriously interfere with volume Quantifi.cation.
Eiseman and his colleagues (11) have shown: thatalteration
in the intrapulmonary fiuid-air ratio, cawsed either by
pulmonary edema or al'teratirons in central Dblood volume will
change the base impedance measur.ement_. Changes in the resis-
tivitylréf blocd caused by hemodilution as 'Jell as some of the
factors discussed by Hill et al. (6) may =180 help to explain
the poor correlation between indicator di 1 ution and impedance
cardiac output determinations. The major Valwe of impedance
cardiac output measurements appears to be ‘the delineatlion of
important directional trends which ma-y::'than be quantified by - .
more accurate indicator dilutidn techniques. However, with '
regard to meas"ﬁfements designed to elucidate changes in the
myocardial contractile state, none of the above factors

appear to significantly interfere with the inﬁermati_on revealed

by impedance c.ar.diogr'aphic measurements of the dynamic events

A R

related to the timing of the car*dialc cycle. The time course

of these events provides data which is related to alterations
in the contractile state of the heart. AsS has been noted
pre\iio-usly,_ increases in myocardial contractility are associated

with inereases in the maximum velocity of Contractile
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element shox~tening and with decreased in the duration of the
active s‘éate of this contractile element (12)., Information
related to Dothof these factors is contained within the
impedahce txacing. .

The importan;:er of attempting to measure 'myocardial
contractili €y in intact man has become obvious with the real-
uizatiop that Sstroke work and filling pressure relationshi.ps
- are "li;mped" Parameters ©f cardiovascular function. They
do not solely reflect the contractile state of the heart
sinde myocaxdial work is not only a function of intrinsic
myocardial <Ontractility » but is also a product of the ejected
volume and <the total peripheral resistance to flow (the afier-
load) (12,1 7-23), Since , at any contractile state, the abso-
lute 'v-eloc:i.fy of shortenning decreases as a funetion of an in-
creasing af terload (22 »23), it means that to detefmine a change
in contrac-tility one must describe a substantial portion of the
velocity-1load cyrve in theicontracting heart, so as to extra-
polate the maximm velocity o.f shortening (1,3,4,9). The deter-
mination of this Vmax permits one to establish on which force-
'veloci'ty relatimship the heart is operating, This is espe-
cially true vhen there are significant alterations in the re-
's'i_stanee 1 oad gainst which the myoc_:ardiam pumps (12,22), as
| may occur in shpek statEQ (10,111-) where there may ‘be -v,‘;ide alter-
ations in outflew registance and fiber 1engfh. With this in
mind an attemt has been made 't6 apply thoracic ,i-m-ped-ance ,
plethysmog¥abhy as a methed of .evaluatiﬁg_" myocardial contrac-

tility whichmgy be applicable to use in the cr'iti.ca—lly ill
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patient, where one hesitates to use catheterization of the
left ventricle with an intraeaﬁﬁ-iao micromanometer to deter-
mine the Isdmetr'ic Time-Tensioﬁ relationships (17), or the
intra-ventricular injectiomn of potentially dangerous volumes
of ébntraet media to gain infﬁrmation about myocardial force-
veloecity relations (4).

Finally, the use of imMpedance methods to delineate the
durational aspects of the mMyocardial contractile response by
a totally non-invasive tz<—hnhique offers the possibility of
being able to determine whethéré decrease in myccardial con-
tractile function precedes a clinically apparent rejection

crisis in patients with cardixp allografts,



SUMMARY

Recent studieg have suggested that “thoracic iiﬁpedance
plethysmography may provide a method of Meagyrement of cardiac
output without transcutaneous instrumen-tation, These. studies
were directed toward ascertaining whetheT the dynamic aspects
of the thoracic impedance pulse might a2 S0 permit quantifi-
cation of myocardial contractility. A <&nine preparation was
used in which catheter tip micromanometeTs were ingserted into
the left ventricie and .the proximal aor-ta. ;T-ﬂe adortic and intra-
ventricular pressures, the first ‘deriva*t:i\lg;of the imn-traven-
tficﬁlar pressure pulse (dp/dt), the cha&nge in imip;dance, and
the first derivative o-:f""thé impedance curve (di/dt) were ob-
tained. It has Dbeen %_};ow-n that portions ©f the impedance pulse
reflects events which occur prior to vallVe opening. ;Tﬁese events
mirror alterations in the time developmeTnt of the isovolunetric
 pressure. A time relationship can be e sTablished on the basis
of an-alysié of dZ/dt which bears a direct mlationship to the
time from the onset of contracticn to t1he naximum dp/dt. In
this way an eétimate of myocardial contractility related to the
Isometric Time~Tension Inde;{ can be obt&ined and quantified in
the intact animal. By simultané.o'usly e Valuting the impedance
pulse and the central aortic blood pres SUre as a fun<ation of
dZ/dt, an impedance force-velocity relation can also be obtained.
Both of these tech-niq_ues have been appi-ied to the estimation of
myocardial contractility in the critically il nggical pa'.ti;nt .

.
"
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Evaluation of the dynamic aspects of the thoracic impedance
pulse appears to permit determination of the basic myocardial
contractile state and enables quantification of the response

of cardiac inotropic agents.



| Millisecondsg
- At At atT At

INTERVENTION HR STROKE VOL. €O  dp/dt dp/dt  dz/dtcpy VO 4B/t . i, BP

CONTROL 151 16.90 2.55 3846 45 45 60 87 178/1u45
NOREPI 141 19.84 2.7 6250 27 25 32 55 220/148
CONTROL 142 19.43 2.75 3571 45 47 82 82 180/149
METHOXAMINE 116 13.78 1.59 1968 62 - 82 107 147 223/178
CONTROL 113 19.31 2.18 1960 62 77 $5 137 177/153
ISUPREL 146 20.70 3.02 5952 20 20 27 47 150/102
CONTROL 141 15.47 2.22 3125 35 45 62 112 179/154
ENDOTOXIN 16U 11.90 1.95 2173 85 70 85 127 “ 87/76
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TABLE IT

TMPEDANCE |
OQUTPUT INDICATOR DILUTION OUTPUT
| _ cO Ratic CO Ratio
Patient Intervention COZ | Stewart-Hamilton Z/Dye Gamma Variate Z/Dye
1132690 Control 4.76 4.55 1.04 4.20 1.13
- Male p 500 ml Plasmonate 4.71 4,81 0.97 5.25 0.9¢0
Pre-op ly/min Isuprel 8.27 7.84 0.79 9.70 0.65
' p Lsuprel 5.82 :
MEAN 0.93 MEAN 0.89
549038 Control Room Air 4,29 3.24 1.32 5.60 0.77
Male 100% 0, 4,11 3.73 1.10 4.80 0.86
Pre-op p 100%70, 5.57
MEAN 1.21 MEAN 0.82
|373355 Control Room Air 2.13 2.17  0.98 2.60 0.82
Female 100% C, 2.43 2.55 0.95 5.20 0.47
|Pre-op
- ' MEAN 0.97 MEAN 0.65
552985 1) Control Room Air 5.66 8.56 0.66 8.60 0.65
| Male | 100% 0, (Po day 1) 6.11 10.03 0.60 9.20 0.66
gggiiﬂggic '2) Control Room Air 7.83 11.10 0.70 9.00 0.87
f 100% 0, (Po day 2) 8.22 12.67 0.64 12.20 0.67
3) Control Room Air 10.83 9,92 1.09 11.40 0.95
100% C, (Po day ) 10.66 10,95 0.97 10.00 1.06
4) Control Room Ain 7.42 5.33 1.39 .60 1.61
100% 0, (Po day 1¢) 6.80 8,38 0.72 8.60 0.79
~ MEAN 0.85 MEAN 0.91
55741y Control Room Air 9.33 6.94 1.34 6.10 1.53
Male 100% O2 6.27 5.05
Pre-op _
557048 Control Room Air 9.76 7.56 1.29 10.60 1.08
Male _
Pre-op

~8Z1-



TABLE ITI1

INTERVENTION ¥ Max Po dp/dt At Po At dp/dt
A. Increaée | Ihcfease | | .
] Constant Proportional Proportional Constant Constant
to AL - to AL
Increasing Fiber
Length
(AL) 0 { 0 0
+ +
B.
Increase No Change Increase ' Decrease Decrease
or

Increasing Myocardial

Activation Rate Small Increase.

(AR)
+ -0 or + + _ - -
C. ‘ .
Large . Large Large Large Large
Increase Increase Increase Decrease Decrease

Inotropic Agents
NE, Isuprel, Digitalis

++ ++ ++ o _ —
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at dp/dt 50msec at dp/dt 42msec Atdp/dt 52 msec
at dz/dt; 50msec at dz/dt 4Zmsec Atdz/dt 52 msec
a1 VO  57msec AtVO  42msec 8t VO  60msec .
dp/dt 3472 mmtig/sec dp/dt 5556 mmHg/sec dp/dt 3676 mmHg/sec
dz/dt 0.944 chms/sec dz/dt 1500 ohms/sec dz/dt 0.945 ohms/sec

SV Swiroke Vol 13.67 ml

S5.V. Stroke Vol 19.41ml

S V. Stroke Vol 13.48ml

dp/ dp/dt - dp/dt ,
T 829 0T 1351 wr 244

Figure 1 Simultaneous tracing of the intra-ventricular pressure pulse (LVP) and its first derivative
with regard to time (dp/dt), the central aortic pressure (AP), the thoracic impedance pulse (AZ)

and its first derivative with regard to time (dZ/dt), and the ECG. Pressure scale applies to LVP
only. The DC component of the aortic pressure (AP) is held constant and is used in this record for

timing purposes only. Paper speed 200 mm/sec.
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Figure 2 Temporal relation between maximum dp/dt (At dp/dt)
and the inflection point in the first derivative of the
thoracic impedance (At dZ/dt<I)).
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Figure 3 Temporal relation between maximum dp/dt (at dp/dt)
and valve opening (at VO0).
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Figure 4 Temporal relation between maximum dp/dt (At dp/dt)

and the maximum first derivative of the thoracic impedance
pulse (4t dZ/dt(Peak)).
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Figure 5 Comparison of regression lines for At dZ/dt(I),

At VO, and At dZ/d4dt

(peak)

with At dp/dt.
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TIME

Figure 6 Method of computing impedance force-velocity
relation on basis of single beat. Afterload; aortic
pressure (AP} times change in impedance pulse (AZ) in
mm Hg ohms; considered as function of the change in the
velocity of the thoracic impedance pulsée (dZ/dt) in
ohms/sec, evaluated at 10 milliseconds intervals.
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Figure 8A A graph of cardlac output values obtained
by the impedance an4 indicator dilution techniques

(Stewart-Hamilton computation).

Figure 8B A graph of corrected impedance cardiac cutput
values plotted against the original indicator dilution
values obtained by the Stewart-Hamilton method.
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