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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.



=P

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.
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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%.
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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.
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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



-81-

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
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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.
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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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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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Summary :

When an alternating current of high frequency is applied to
the thorax, the first derivative of the impedance to this curi =t
is affected by the volumetric changes occurring during the c¢
diac cycle.

Phonocardiograms, ECG's and first derivative impedance
cardiograms (ICG) were recorded simultaneously in 91 subjects.

The ICG's were found to have sharply demarcated points which
occur synchronously with the first heart sound, aortic second
sound, pulmonic second sound, mitral opening snap, third heart
sound and fourth heart sound.

The ICG may thus be used not only as a reference tracing to
help identify heart sounds on the phonocardiogram, but also to
directly time intervals within the cardiac cycle. Clinically it
has proved to be useful in measuring the split of the second heart
sound, recognizing Sq5 SH’ mitral opening snaps, systolic ejection
clicke on the phenocardiogram, and identifying P waves in ECG's

showing arwpyhthmia.

Additior il Indaxing Words:
Phonocardiogram
Impedance Cardiogram
First derivative impedance cardiogram

Temporal relationships of phonocardiogram
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Introduction:

If two electrodes in a high frequency circuilt are placed .r
the thorax, changes in impedance may be recorded which are syn-
chronous with events in the cardiac cycle. Nyboer (1),

Rushmer (2), Bonjer (3), and Kubicek (4,5) have noted that the
impedance changes are related to cardiac volumetric changes.

A four electrode impedancé cardiograph was developed by
Kubicek et al. (4) for the recording of thoracic impedance changes
during the cardiac cycle., This unit among other outputs allows
the direct recordirg of impedance changes and its first deriva-
tive, Utilizing such an instrument, it was our observation that
the first derivative of the impedance has a waveform which is
synchronous with the cardiac cycle. The purpose of this report
is to describe the waveform of the first derivative impedance
cardiogram and its relationship to heart sounds and events in

the cardiac cycle,

Methods:

A Minnesota Impedance Cardiograph®* Model 202 was used to
record an impedance signal in 91 subjects (Table I), TFour
aluminized mylar strips®® attached to an adhesive tape backing
ware placed around the subjects as shown in Figure 1. The
outer two electrodes were attached to a constant current oscil-
lator supplying alt. rnating current at 100 KHz and the imped-

ance between the inner two electrodes was continucusly recorded.

sManufactured by the Department of Physical Medicine & Rehabili-
tation, University of Minnesota. _

*“*Minnesota Mining & Manufacturing Company.
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The impedance was markedly affected both by respiration and by
the cardiac cycle. The impedance signal was also passed through
a differentiator circuit, and the first derivative of the im-
pedance was found to be less affected by respiratory movement.

The waveform of the first derivative impedance cardiogram
was recorded simultaneously with a surface phonocardiogram and
Lead II of the electrocardiocgram on an Electronies for Medicine
recorder (Model DR-12), at a paper speed of 150 mm. per second.
The uniformity and accuracy of paper speed was measured from 0.0u
second time lines generated within the recorder. The phono-
cardiograms recorded at the pulmonic area, lower left sternal
margin, and apex of the heart were recorded with a frequency
range from 100 to 500 cycles per second. Phonocardiograms at
the apex were also recorded at a frequency range of 50 to 100
cycles per second.

The morphology of typical first derivative impedance cardio-
grams are shown in Figure 2, Note that decreasing rates of im-
pedance change are recorded as upward deflections in the tracing,
The points A, B, X, ¥, 0 and Z are maximal deflections of waves
on the first derivative of the impedance signalj and they were
found to relate in time to events in the phonocardiogram: A, with
the beginning of the fourth heart sound; B, with a maximal vi-~
bration (mitral component) in the first heart sound at the apex,
£, with aortic closure; Y, with pulmonid closure; O with the
mitral opening snap, Z with the maximal vibration in the third
heart sound. Intervals were meaéured with a millimeter‘ruler
to the closest 0.5 millimeter thus allowing measurements to be

made to 0.004% seconds at 150 millimeter per second paper speed.
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These phonocardiographic and impedance intervals ware measured
in a number of beats and the average of the phonocardiographic
and ilmpedance intervals were compared.

Ninety-one subjects were studied. Their ages and whether

they had underlying heart disease are shown in Table I.

Resgsults:
Impedance Cardiogram - A Point:

The records of 27 subjects were selected with both a well-
recorded first heart sound on the phonocardiogram and a P wave
on thé ECG. Ninety-seven beats with an average of 4 beats per
subject were examined. In these the A point cccurred on the im-

pedance cardiogram during the interval between the end of the P

wave and the beginning of the QRS complex on the electrocardiogram.

A fourth heart sound could be recorded in 9 of these 27 subjects.
In all 9 patients the A point occurred simultaneously with be-

ginning of the fourth heart sound. (See Table II).

Impedance Cardiogram - B Point:

The above 27 subjects were also selected to study the B
point. Ninety-seven beats with an average of Y4 beats per subject
wepre examined. Data relating the B point to the first heart
sound are shown in Table IL. 1In all patients studied, the B
point occurred during the first heart sound. In 19 of the 27
subjects, the B point was observed to occur synchronously with
the maximal deflection of the first heart sound at the apex.

In the remaining eight subjects, the B.point occurred within 0.001
second of the maximal deflection of the first heart sound at the

apex. The range of observations is shown in Table II,
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Impedance Cardiogram - X &€ Y Points:

A group of tracings obtained from 37 subjects were selected
because both components c¢? the second heart sound were well re-
corded phonocardiographicélly. The time-interval between the
electrocardiographic R wave and the maximal deflection of the
aortic and pulmonic second heart sounds were independently measured
and compared with the intervals between the electrocardiographic R
wave and the X and Y points on the first derivative impedance
cardiogram. One hundred and forty-six beats were measured with
an average of 4 beats per subject. In all tracings the X and Y
points occurred within the vibration of the aortic and pulmonic
sounds, respectively.

In 28 of the 37 subjects, the X point occurred synchronously
with the maximal deflection of the aortic second sound. In the
remaining 9 subjects, the X point occurred within 0,01 second of
the peak of the aortic second sound. The range of observations
is shown in Table II.

In 25 subjects, the Y point occurred synchronously with the.
maximal deflection of the pulmonic second sound. In the rémain—
ing 12 subjects, the Y point occurred within 0.0l second of the
pealk of the pulmonic second sound. The range of 6bservations is
shown in Table IZIs

The X and Y points were found to vary with respiration-ih
parallel with the splitting of the second heart sound. The dura-
tion between the X and Y points in the first derivative impedaﬁdé
cardiogram and the interval from the sgortic second sound to the

palmonic second sound were averaged for each subject. In 19 ef
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the 37 subjects, the splitting of the second heart sound was the
same as the X-Y interval, and in the remaining 18 subjzcts the

difference was within 0.0l second (Figure 3).

Impedance7Cardiogram - 0 Point:

The records of 10 subjects with mitral stenosis were chosen
with a well recorded opening snap. An average of Y4 beats per
subject werelmeasured. Data relating the intervals from electro-
cardiographic R wave to the impedance 0 point and the intervals
between the electrocardiographic R wave and the maximal vibration
of the phonocardiographic opening snap are shown in Table II,

In 6 of the 10 subjects, the 0 point occurred synchronously with
the opening snaps and in 4 subjects, the mean difference was 0.01

second.

Impedance Cardiogram - Z Point:

The records of 17 subjecots were chosen with a well-recorded
third heart scund and a first derivative impedance cardiogram Z
point during held inspiration. Sixtyitwo beats with an évepage
of 4 beats per subject were recorded, It was observed that in-
spiration enhances the Z point configuration. Data relating the
intervals from the electrocardiographic R wave to the Z point
and.the_intervals between the electrocardiographic R wave and
the peak of the third heart sound are shown in Table II. In 13
of the 17 subjects, the Z point occurred synchronously with the
maximal deflection of thé third heart sound; and in all subjects

the Z point occurred withih the vibrations of the third heart sound.

Clinical Observations:

In clinical situations wherein the ‘heart sounds are obscured
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by murmurs or in which they are difficult to recognize, the

first derivative impedance cardiogram has proved to be a useful
tool in timing heart sounds. Figure 4A shows a phonocardiogram.
from a patient with pulmonic stenosis w'th an intact ventricular
septum. Note that the pulmonic closure is difficult to discern

on the phonocardiogram, but the first derivative impedance tracing
shows both X and Y points, thus allowing the width of the split

of the second heart sound to be estimated. Figure 4B shows the
phonocardiogram of a patient with a patent ductus arteriosus.

Note that the aortic and pulmonic second sounds are obscured by
the murmur. The X and Y points allow their recognition and timing.
Figure 4C shows the phonocardiogram from a patient with mitral
stenosis. Note that the opening snap occurs after the first de-
rivative impedance Y point at the 0 point. Note also that the

7 point indicates the onset of the third heart sound. Figure 4D
shows the impedance, phonocardiogram, and electrocardiogram of a
patient with congenital complete heart block. Note thét a nega-
tive deflection (A point) occurs on the impedance tracing follow-

ing each P wave.

Discussion:

The first derivative transthoracic impedance cardiogram is
recorded easily without the necessity of searching for pulsations.
It has sharply demarcated points that relate in time to the four
heart sounds. These points are consistent both in normai subjects
and those with heart disease. Thus the impedance cardiogram can
be used not only as & referente tracing for simultaneously re-

corded phonocardiograms, but also to time intervals within the
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cardiaec cycle directly. It may be particularly helpful when
heart sounds are pcorly recorded, obscured by murmurs, or very
faint.

In 2 patients with complete heart block that we have studied,
the A point occurred on the impedance cardiogram immediately fol-
lowing the P wave of the electrocardicgram, anywhere it occurred
during the cardiac cycle. Thus it may be poszible to utilize
the impedance cardiogram to identify electrocardiographic P waves
in certain atrial arrythmias in which they are difficult to be
recognized.

The x-Y interval is helpful in determining the width of the
splitting of the second heart sound. It has been observed that
the X-Y interval varies with the respiratory cycle in parallel
with the splitting of the second heart sound. In clinical situ-
ations in which beth components of the second heart sound can
not be recorded phonocardiographically, the impedance cardiogram
will allow an accurate measure of the interval between aortic
and pulmonary closure. The impedance cardiogram Z point relates
in time to the third heart sound and allows its timing and iden-
tification on the phonocardiogram.

In patients with mitral stenosis, the mitral opening snap
can be recognized on the phonocardiogram by using the first deviv-
ative impedance cardiogram as a reference tracing. The opening
snap occurs synchronously with the 0 point of the first derivative

 impedance cardiogram.
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Impedance

A,B

X,Y

TABLE 1

IMPEDANCE CARDIOGRAM:

SUBJECT DATA

NUMBER OF SUBJECTS

Total

27

37

17

Cardiacs

14

16

Normals

13

21

Age (Yrs)
1.5 - 33
3 - 40
3 - 25

SEX
Male

15

19

Female

12

18

10
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TABLE I1

PHONOCARDIOGRAM VS. TMPEDANCE CARDIOGRAM

(RT05,) -(RTOA) (RTOSy) -(RT0OB) (RTOA,) ~(RTOX) (RTOPp) - (RTOY) (R TOS3) - (RTOZ)

NUMBER WITH
TDENTICAL | 9 19 28 25 14
INTERVALS.

1) e -0.001 ~0.001 ~0.003 -0.01
2) o -0.001 ~0.001 -0.003 -0.0L

VARTATIONS 3) - ~0.001 ~0.002 ~0.00% -0.01

BETWEEN L) L -0.001. ~-0.003 ~0.004 o

PHONOCARD~  5) o +0,001 -0.007 -0,005 _
TOGRAM 6) - +0.001 +0.002 +0.002 .

AND 7) L +0.001 +0.003 +0.002 L

ey 8) . +0.00L +0.003 +0.005 L

(secomps) ) . o +0.010 +0.007 -

10) - _ . +0.008 L
11) - _ N +0.010 L
12) — — —_ +0.010 L

TOTAL NUMBER :

OF 9 | 27 37 37 17

* SUBJECTS

—EGL-
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Figure 1 The position of the electrodes used
to record the first derivative thoracic im-
pedance cardiogram.
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Figure 2: Simultaneously recorded phonocardiogram, electro-
cardiogram and first derivative impedance cardiogram,

Legend: A, B, X, Y, and Z are points on the first derivative
impedance cardiogram.

A. Note B synchronous with maximal deflection
of first heart sound (Sl) on phonocardiogram
recorded at apex. Note also that point Z occurs
synchronously with the third heart sound (83).
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Figure 2 (continued)

impedance
\-/f/‘
A
EK:J‘\ ; X

B. Phonocardiogram obtained at pulmonic area in normal
subject. Note X & Y points of first derivative impedance
cardiogram occur at the same time as the maximal deflection
aortic (h?) and pulmonic (P2) second heart sounds.

Expiration

Ingspiration

C. Note X § Y vary in their 5p11tt3ng the way that A and

P2 vary in their splitting with respiration.
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Figure 2 {(continued)

D. Phonocardiogram obtained at apex in a patient with
Ebsteins Malformation. Note that the A point of the
impedance cardiogram occurs synchronously with the
fourth heart sound (Sq)'
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RELATIONSHIP OF &3-Pz TO X,~Ys. INTERVALS
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Figure 3 Relationship between the X - Y interval
on the first derivative impedance cardiogram and
the interval between the aortic (A,) and pulmenic
(P,) second socunds in 29 subjects.” Dashed lines
indicate 0.0l second limits.
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Figure Y4: Phonocardiograms (phono), first derivative thoracic
impedance cardiogram (impedance), electrocardiograms (ECG).
See text-clinical observations.
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A. Patient with pulmonic stenosis
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phono:.;

B. Patient with patent ductus arteriosus
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(continued)

i

phono

Figure U4:

impedance

Patient with mitral stenosis

C.

Patient with complete heart block.
point on impedance cardiogram follows P waves on

the ECQ

Note A

D'
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PHYSTOLOGICAL CORRELATES OF THE CARDIAC THORACIC
IMPEDANCE WAVEFORM

When a high frequency sinusoidal current is applied across
the chest, changes in the thoracic impedance can be recorded (1).
The thoracic impedance changes consist of deflections composing
a waveform. The waveform appears to be related to the mechanical
activity of the heart, and has been used to calculate the card:iac
output (2).

The impedance change waveform is complex, and little is
known about its composition. The purpose of this paper is to

correlate the waveform deflections with physiological events.

Materials and Methods

The thoracic impedance plethysmographic system used has
been previously described (2), and will be summarized here,

Four circular, flexible, metallic electrocdes were used, two being
placed around the neck, and two around the upper abdomen. One

of the inner two electrodes was placed at the base of the neck,
the other about two centimeters below the xiphoid process. The
outer two electrodes were separated from the inner ones by about
two centimeters.

An activating six milliampere, one hundred kilocyecle sinu-
soidal current was passed through the outer two electrodes from
é constant current source. The inner pair of the electrodes
was connected to a high impedance amplifier and associated cir-
cuitry, to allow determination of the thoraeic impedance changes.

The resulting impedance change waveform, and its firsc
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derivative, were recorded at a paper speed of fifty millimeters
per second.

Impedance recordings weﬁé made on 58 pétients. Diagnoastic
cardiac catheterization studies were done on 55 patients; of
these, 6 were normal, 41 had cardiac valvular disease, 3 had con-
genital septal defects, and 5 had miscellaneous cardicvascular
abnormalities, Atrioventricular conduction disturbances were
present in three patienté who did not have cardiac catheteri-
zation; two had complete heart block, and the other had the

Wenckebach type of second degree atrioventricular block.

Results

A typical normal thoracic impedance change waveform is
shown in Figure 1, along with its simultaneocusly recorded first
derivative, the left ventricular pressure, and lead two of the
electrocardiégram. A decrease in impedance is shown by an up-
ward deflection. The time lines on the abscissa indicate 0.0Wu
second intervals.

The largest impedance deflection is upward, and is marked
"C" in Figure 1. The C wave is immediately preceeded by a down-
ward deflection, marked "A", and is immediately followed by a
second upward deflection marked "V'". The upstroke of the C
wave is steep, but after the peak is reached, the downstroke
is not as rapid, and is interrupted by the second upward de-
flection, the V wave,

The C wave is a syétolic event, since it is synchronous
with the QRS complex of the electrocardiogram. This is con-

firmed by timing the C wave with the simultaneocusly recorded
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left ventricular pressure, It can be seen in Figure 1 that
the V wave occurs in protodiastole, and the A wave in presystole.

The impedance C wave appears to provide hemodynamic in-
formation. This 1is suggested by Figure 2 which shows a pre-
mature ventricular contraction followed by a cumpansatory pause.
The amplitude of the C wave assocciated with the premature beat
is smaller, and that associated with the postextrasystolic beat
is greater, than those associated with the regular beats. The
first derivative indicates the rate of change of the impedance
waveform, The amplitude of the first derivative, and of the
brachial arterial pulse pressure, are also similarly affected
by the premature ventricular contraction. These observations
are consistent with the known physioclogical fact that the stroke
volume of a premature ventricular contraction is usually less,
and that of the next beat is usually greater, than the stroke
volume of the regular beats. An experimental method using the
first derivative of the impedance C wave has been devised by
which the stroke volume, and hence fhe cardiac output, can be
calculated (2).

The impedarce A wave follows the P wave of the electro-
cardiogram as 1s shown ia Figures 1 and 2. This fact is more
easily seen in those arrhythmias where there is a disturbance
in atrioventricular conduction. The electrocardiogram in
Figure 3 shows the Wenckebach type of secohd degree atrioven-
tricular bleck. In this arfhythmia the PR interval progressively
inereases until a P wave impulse is not conducted to the ven-

tricles, no QRS complex occurs, and a beat is dropped. The
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sequence is then repeated. It can be seen that the impedance A
wave and the electrocardicographic P wave move together as they
shift position in the cardiac cycle. This relationship also
pertains in complete atrioventricular heart block, as is shown
in Figure 4.

In contrast to the A wave which is consistently associated
with the P wave, the impedance C wave corresponds in timing with
the QRS complex of the electrocardiogram, The C wave is followed
by the V wave in the impedance cardiogram, and the C and V waves
occur independently of th - A wave. These relationships appear
to be consistent regardless of the pathway by which ventricular
depolarization is accomplished. This is demonstrated in Figure
5, which was recorded from the same patient who was presented
with complete heart block in Figure 4. However, the heart is
now being paced by a transvenous electrode positioned with its
tip in the apex of the right.ventricle. The impedance tracing
shows the C and V waves follow the pacemaker produced QRS com-
plexes, and that these waves are independent of the A waves which
continue to follow the electrocardiographic P waves.

In atrial fibrillation the electrocardiogram does not show
P waves, and it would be anticipated that A waves would also be
absent in the impedance cardiogram. That this is true is illus-
trated in Figure 6. This f&gure also shows that the amplitude
of the C wave and that of ifs first derivative appear to vary
directly with the RR interval. This is consistent with the
above described findings in premature ventricular contractions,
and with the use of the impedance waveform iﬁ calculating the

cardiac output (2).
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Digscussion

It appears that the thofacic impedance change waveform
provides hemodynamic information. The recording of the impedance
cardiogram is easily accomplished and has the distinct advantage
that a noninvasive'technique is used. This may be of particular
importance when it is desirable to avoid penetration of the
skin, such as in cardiac transplant patients or space travelers,

The present study shows that the contraction of the atria
and of the ventricles are associated with identifiable com-
ponents in the impedance change waveform. Measurements from
these recordings can be used to estimate the stroke volume (2).
The impedance cardiogram may also be of value as a continuous
monitor of cardiovascular functicn. It is probable that addi-
tional applications will be found for thoracic impedance
measurements,

It is interesting to compare the thoracic impedance change
waveform with other hemodynamic measurements. It has been dem-
onstrated that the flow of blood in the venae cavae is pul-
satile (3,4), ard is similar to that in the pulmonary veins (§),
The flow pattern in these vessels is composed of three major
deflections and resembles closely the thoracic impedance change
waveform. Following the P wave of the electrocardiogram, and
at the time of atrial contraction, the flow of blood in the
venae cavae and pulmonary veins slows, or briefly reverses.
There then is an increase in blood flow toward the heart co-
ineident with ventricular systole. This is followed by a
second acceleration of blood toward the heart in ventricular

diastole,
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These three waves found in the pattern of blood flow in the
venae cavae and the pulmonary veins appear to correspond well
to the A, C, and V waves of the impedance cardiogram. It seems
reasonable to speculate that the cardiac thoracic impedance
changes may be related to the flow of blood through the venae

cavae and/or pulmonary veins, and the heart.

Summarz

A high frequency, constant sinusoidal current can be passed
through the chest by a noninvasive technique and pulsatile changes
in the thoracic impedance recorded. These pulsations are related
to the beating of the heart. Three major components are present.

One component shows an increase in impedance is associated
with atrial contraction and consistently follows the P wave of
the electrocardiogram. The other two waves show a decrease in
impedance. The first is associated with ventricular systole
and corresponds in time with the QRS complex cf the electrocar-
diogram. The systolic wave is then followed by the third com-
ponent, which also shows a decrease in impedance but occurs in
diastole. In instances of arrhythmias the deflection associated
with the P wave occurs independently of the other two deflections.

The impedance change waveform is similar to the pattern of
blocd flow in the venae cavae and the pulmonary veins. It is
possible that the impedance changes are related to the flow of

blood in these venous circuits and the heart.
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Figure 1 A recording from a patient without
cardiaec disease. From the top to the bottom, .
the tracings show the thoracic impedance change
waveform, (delta Z), its first derivative,
(dZ/dt), the left ventricular pressure, (LV),
and lead two of the electrocardiogram. De-
creasing impedance is upward. The major imped-
ance deflections of the delta Z tracings are
marked "A", "C", and "V". The time lines in-
dicate 0,04 seconds. ‘
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Figure 2 TFrom the top to the bottom the tracings
show the brachial arterial pressure, (BA), the
first derivative of the impedance change, (dZ/dt),
the impedance change recording, (delta Z), a
pullback pressure from the pulmonary artery, (PA),
to the right ventricle, (RV), and lead two of the
electrocardiogram. The normal sinus rhythm was
interrupted by a premature ventrlcular contraction,
(PVC). See text.
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Figure 3 A recording to show the effect of the
Wenckebach type of second degree atrioventricular
block. The abbreviations are the same as in
Figure 1. The A waves of the delta Z tracing

are associated with the P waves of the electro-
cardiogram.
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atrioventricular block.

The

are the same as in Figure 1
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Figure 5

pacemaker.

A recording to show complete

abbreviations

Il

A recording from the same patient
shown in Figure 4, who now has an artificial
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Figure 6 A recording to show atrial fibrillation.
The abbreviations are the same as in Figure 1.
The P waves of the electrocardiogram and the A
waves of the delta Z tracing are absent,



COMPARISON OF METHODS - FOR CALCULATING
STROKE VOLUME FROM AORTIC PRESSURE
AND IMPEDANCE CARDIOGRAPH
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Salt Lake City, Utah

Located at the Latter-Day Saints Hospital in Salt Lake City
is a large computer facility which is being used for on-line,
real-time monitoring of patients. One of the main programs which
is used in the patient monitoring is a program which calculates

-stroke volume from a central aortic pressure. This method, developed
by Warner (1,3), allbws beat by beat calculations without the use

of some flow measuring device. A small catheter is inserted through
the radial artery to the level of the aortic arch to cobtain the
central pressure. o

Because it is desired to be able to calculate central blood
flow using non-invasive metﬁbds, the study described in this paper
was undertaken to determine the accuracy and feasibility of using
the impedance cardiograph for this purpose. Beat by beat compérison
is made between stroke velume calculated from the pressure pulse
method which has been previously verified (3,4) and stroke volume
calculated by the impedance cardiograph. .

The first experiment was done in a dog. The dog was anes -
thetized and an 18 gauge needle was inserted into the femoral artéfy]
A small catheter was then inserted through the needle to the level |
of the aortic arch. To get variation in cardiac output levophed
was injected intravenously. The dog was on a respirator and his
breathing was maintained in expiration when the measurements were

taken.-
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Figure 1 - EKG, Aortic Pressure and dz/dt obtained from a dog
during control (A) and after the injection of levophed (B) .
breath held.in expiration. '
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Figure 1-A shows the waveforms, EKG, aortic pressure, and
dz/dt, that were recorded during the experiment. This is control
with a peak systolic pressure of 140 mm Hg, diastolic pressure of
110 mm Hg and a heart rate of 120. The calibration and zero dz/dt
are shown on the right-hand side of the figure. Figure 1-B shows
the change in these waveforms after the injection of levophed.
The systolic pressure increasr< 240 mm Hg, the diastolic pressure
to 173 mm Hg and the heart rate to 136. Notice that after the
injection of levophed a very high second hump occurs in the impedance
waveform during diastole. This was always prominent when levophed
was given and the value of this peak was sometimes greater than the
peak which occurred during systole. No explanation is evident for
this change in waveform unless it is associated with atrial ejection.‘
To calculate beat by beat stroke volume from pressure and dz/dt,
the EKG was used as a trigger and between two consecutive QRS
complexes which were recognized by the computer, the data was stored.
A pattern recognition was done on the pressure pulse to find the onset
.of systole and the dicrotic notch. From these reference points
stroke volume was calculated. During the same period of time the
peak dz/dt was obtained as well as the systolic period and stroke

volume was calculated using the following equation:

2

SV = K Eil (dz/dt) min .
Z7o
Where,
K was initially adjusted to obtain a stroke volume

equal to that obtained from the pressure pulse,
L is the distance between the two inner electrodes,
Zo = is the impedance hetween the two electrodes,
T is systolic period and

(dz/dt)min is the peak value which occuss during systole.

Eighf beat by beat values were calculated at one time after which an
average of the values was displéyed‘back to the operator and the beat

by beat values were stored on magnetic disc for further analysis.
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Figure 2 - Impedance Stroke Volume plotted against Stroke Volume
calculated from sortic pressure pulse obtained from: @ dog (A)
beat by beat values (B) eight beat averaged
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Figure 2-A shows the result of the beat by beat values cal-
culated from the dog. The ordinate is impedance stroke volume;
the abscissa is stroke volume calculated by the pressure pulse
methods. These are actual stroke volumes. Both methods were
calibrated using a dye curve. The correlation coefficient is .84
and a linear regresion line can be drawtn with an intercept of -3
and a slope of 1.28. The standard error of the estimate is 4 ml,
Figure 2-B shows the values of eight beat averages from the data
shown in Figure 2-A. This improves the correlation coefficient
to .92 and reduces the standard error of the estimate to 2 ml
with a slight change in the linear regression line equation.

With the slope of the linear regression line eauation greater
than 1 the impedance stroke volume is overpredicting the pressure
pulse stroke volume in both cases.

Next ncermal human subjects were used. In these subjects an
13 gauge needle was inserted into the radial artery. Through this
needle a small catheter was inserted to the level of the aortic
arch for obtaining central pressure measurement. With the patient
in the supine position, an exercycle was wheeled to the foot of
the bed and after a control measurement, he exercised vigorously
for a pefiod of 2 to 3 minutes and measurements were made of the
increased cardiac output.

Figure 3-A shows the control waveforms, EKG, pressure pulse
and dz/dt of the first normal subject. The mean pressure was 86
and he had a heart rate of 55. Figure 3-B shews the change in
these waveforms after exercise. The diastolic pressure increased
to 102 with a peak systolic pressure ef 144 and a heart rate of
104. 1In both cases the subject was holding his breath when the
measurements were made. However in Figure 3-B the change in the
impedance wavefarm can be observed when the breath is released.
Notice what appears to be two extra systoles in therimﬁédance
waveform altheough the EKG~and.pfessure indicate that no contraction

oc&urred.'.This type of artefact along with the drift of 0 dz/dt
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make automatic computer recognition almost impossible. If readings
were taken while the subject was breathing, poor results were obtained.
The bzat by beat results obtained from this particular subject are
shown in Figure 4-A. These are not calibrated values as it was assumed
that at rest the subject had a.cardiac output of 5 liters and the stroke
volume calculated by both methods was adjusted accordingly. The correlation
is .67. Impedance stroke volume overpredicts the pressure pulse stroke
volume and the standard error of the estimate is 16.

Figure 4-B shows a piot of the average values of eight beats.
The correlatien coefficient increases to .84 and the regression line
equation changes slightly with the standard error of the estimate reduced,
The data in this figure was obtained using the pressure pilse systolic
period. It was found that a better correlation could be obtained by using
the systelic period determined from the pressure pulse éattern'recoghition
because it was more accurate than that determined from the immedance cardiograph.

From a second normal subject the beat by beat correlation is .63
(see Figure 5). But contrarv to the values obtained in the prededing data
both in the dog and in the first normal subject, the impedance stroke
volume seems to underpredict the stroke volume calculated bv the pressure
pulse”method. The average values again increase the correlation to .76,
Table 1 shows a summary of the correlations obtained from the dog and

two normal subjects.

TABLE T
Summary of Correlations Obtained
Subject Comment Correlation
 dog Beat by Beat .84
dog 8 Beat Average .92
A.S. Beat by Beat using
Impedance Systolic Period .53
A.S, Beat® by Beat using )
- ‘Pressure Systelic Period 67
A.S. - 8 Beat Average - .84
J.G, _ Bear by Beat N 63
J.G. 8 Beat Average - ' o .76
J.G

3. _ Beat L Beat 7
' Later in Experiment .51
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;ﬁ - From this table the following can be concluded: The correlations

? , obtained from the dog are much better than those from the normal
subjects. This perhaps agrees with the high correlations obtained
between flowmeter measurements and the impedance cardiogranh reported
earlier (5). Computer calculation of the period of systole from o

~ the dz/dt waveform was difficult and much better correlations were

obtained when a more -accurate determination was made using the
pressure pulse. The correlation changed through the experiment on
the last subject beéamsé of a sudden change in dz/dt amplitude.

; The cause of this change could not be determined,

i In summary, the main difficulty with using the computer to do

this type of pattern recognition is that it is very hard, if not

impessible, to determine when the impedance waveform changes due

to respiration. With the inconvenience of making the subject hold

his breath to make the measurements and'becaﬁse the correlation

under these ideal situtations are in the order of .65, it seems

impractical that beat by beat calculations could be made in a

patient monitoring situations using this non-invasive method of

calculating stroke volume.
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Recent studies have ‘been performed (1) to determine e
usefulness of the.fhoracic electrical impedance measurements .
determining cardiac stroke volume or;cardiac output. These stud-
ies have shown that uhder some conditions the agreement between
the impedance technique énd the other standard techniques of
measuring cardiac output such as the direct Fick 6r the dye di-
lution techniques have been reasonable, while under other con-
ditions the two techniques have divergent results. It is the
purpose of this paper to explain the development of a new technique
used in calculating stroke volume from thoracic impedance measure-
ment.
The technique used in this study involves finding the trans-
fer function between aortic blood flow and the first derivative
of the thdracic impedance signal. If a reasonably consistent
transfer function can be found in dog or man for different func-
tional states of the circulatory system it is possible to syn-
thesize‘the transfer function with an electrical analog network
.if the system is linear time invariant. This would result, then,
in an electrical network in which the input signal would be the
first derivative of the thoracic impedance and the output would
" be a signal similar in contour to the aortic blood flow waveform.
The area under this derived waveform during systole would then be

proportional to left ventricular stroke volume.

Methods
' Figure 1 shows one model of the system that we are attempt-
ing to analyze. Represented is a block diagram of the cardio-

vascular system showing the conversion of the cardiovascular
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mechanical activity into an electrical impedance signal,

bz /0T
HYDRAULIC-2
CONVERSION <
AN A
AORTIC
Fi Fa F3 F4 BLOOD FLOW tf
RIGHT | LEFT SYSTEMIC
[ VENTRICLE [ | “UN6 > VenTRicLe > | cReuLaTion [>

Figure 1 Model of circulatory system qhowmg hydraulic-Z
conversion
The lower half of the figure shows a diagram of the circulation
with inputs into a block labeled -hydraulic-z convertor, As can
be seen in the figure, signals from the r'ight venitricle, lungé,
left ventricle and.systemic circulation feed into the hydraulic-2Z
convertor with its output as the first derivative of the elec-
trical impedance signal. Since at the present time the exact
origin of the impedance signal is not known, input$ from the vari;

ous regions in the thopax are shown., In reality they may or may

not be present but initially all possible inputs were considered. -
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In the analysis -<that yas performed the transfer function was
developed betweern the sortic Plood flow and the output of the
hydraulic-Z conveXtor yhich is the first derivative of the tho-
racic electrical dmpedance sigmnal. The sffects of the other
inputs into the s=ystenwéuld make the system nonlinear as far

as the relationship between aortic blood flow and the impedance
derivative signal - Inorder to make the transfer function valid
and useful, for the pupoce of this study it must be assumed that
the other signals into the hydraulic-Z convertor are small or
nonexistent. In ‘the frequency analysis performed to determine
the transfer functiom, the derivative signal was set eqﬁél to
zero during diast Ole, thereby xreducing the requirement for the
other signals to De zero during diastole. This was felt to be
reasonable becaus e the systolic signal is of most importance in
trying to quanti-tate the system for stroke volume.

Mongrel dog s Were anesthetized with sodium pentobarbital

(25 mg/kg), intubated, and p.‘_l.ace}i on a positive pressure respi-
rator. A left thoractony was pérf-ormed and an appropriate
“electromagnetic £ low transducer (Biotronex model uio) was placed
around the ascending aorta. While the chest was open, a catheter
for pressure measSUrements was PpPositioned. The thoracotomy was
then closed and Aair evaguated by continuous suction. The four
electreggﬁg bands for inpedance measurements were placed on the
neck and lower t¥1Orax in the s-tandard positio:n's (2). The follow-
ing parameters weTe recorded ©n magnetic tape: ECZ, ascending
aortic flow, ascéending aortic pressure, thoraciec impedance change,

AZ, and first time derivative of thoracic impedance, dZ/dt.

B R, T
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During the course of the experimen+t all parameters were monitored
on a large screen oscilloscope. A total of three dogs were used
in the expériment. All measurementsS were taken dJuring periods of
end-expiration apnea to eliminate r eSpiration artifact from the
impedance signals.

To obtain an increase in periphenral resigstance with a minimal
effect on contractility, methoxamine vwas infused at a constant
rate by a Harvard Apparatus infusion pump, The 1léevels of methox-
amine infusion depended primarily wuPOn the response of the par-
ticular animal as measured by the = Scending aortic blood pressure.
Infusion rates range.drf_r'om .25 mg/ml":_n to '1':-0 mg /min,

Decreased peripheral resistance, increased contractility and
increased heart rate were produced DY infusion o©f isoproterenol
at constant rates over several leve 18 ranging from 0,25 micro-
grams to as high as 10 micrograms. Again the response of the
individual cic)g controlled the infus ion rate.

Two levels of bradykinin were ZInfused at a constant rate
of 25 and 50 micrograms per minute in aneffopt to decreace periph-
eral resistance without changing co‘ntna‘etility.

:'The transfer function was deve 10ped by taking the Fourier
series of both the impedance derivative signal with the diastolic
portion set equal to zero and the a©Ortic flow signal and dividing
the magnitude of the frequency compr©tents of the impedance deriva-
tive signal into the aortic flow sdi g£nhal, harmonic by harmonic, | " i
and s’ub:tr'acting the phases of the dePivative gigmnal from the phases
of the aéf"tie flow. signal. The FowTier Seriegs was computed for
20 harmonics... Ail of the Fourier amnalysis wag <one on a Speér

microLINC 300 digital computer. Bothuaveforms were sampled almost
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simultanecusly at a rate of 250 samples“”per S econd, The Fourier
series for each of the waveforms was then deterined end the
division as e};plained above was done by the digital computer., The
output from the computer was in both graphic and printed = form,

An electrical network was then developed that appro=imated
the trensfer function. The impedance derivative sig_nel was
connected as the input and resultant output Was the trans formed
impedance derivative.

The transformed impedance signal had a Shape similar to
the arterial blood flow waveform except dur inNg diastole. The
diasfolic portion of the waveform was not _flat as is true of
the ascending aortic blood flow waveform, t:‘v:lel‘é.{fore crez2ting a
problem in determining zero flow. In this sStudy .the:"ear’ly bor-
tion of diastole was assumed to represent =ze7To flow on the trans-
formed impeéance waveform. The position of the assumed =ero flow
is shown in Figures 8 and 9. The cardiac s troke volume Was com-
puted by electrically integrating the flow Meter signal Auring
systole. The transformed impedance was int-e€grated duriﬂg systoie

using planimetry to determine stroke volume -

Results

Figures 2, 3 and 4 show the transfer £ Ulction between aortic
flow and the first derivative of the thoracic imedance <For one
dog under three different conditions, contx ©ol, isuprel, and
'methoxamine. On the left side of each of -The figures are shown
the two waveforms used in developing the tx2@nsfer function. on |

‘the right is a plot of the transfer functio©?n. The magnitude is |

4>
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Figure 4 Transfer function between aortic blood flow and

dZ/dt for methoxamine infusion
shown on the ordinate in DB and the log of the frequency is plot-
ted on the abscissa. Figures 5 and 6 show the transfer function
for another dog for the control state and with an infusion of
methoxamine. The magnitude characteristics of the transfer func-
tion all have similar properties. They have a minimum betwesen 5
and 10 ecycles per second. They start out from the fundamental
frequency and decrease until they reach the minimum and rise from
the minimum usually at a faster rate than the initial decrease.
All of the phase characteristies for the transfer function start
at a negative value and show a slight increase in value with fre-
gquency, although there is mofe variation in the phase character-
istics between the different drug conditions. The reliability of
the information beyond 1C or 15 cycles per second is probably

poor because of the noise present in the signal.



~194-

COMP 2 OYE 1 CONT FLOM e 100
' f
-338
04 +p0
1::
; ; el
é-m- .___‘/\—4 ‘ 3?
COMP 2 DYE 1 CONT DZOT l oot
-201 i' =20
j-m
=30 T Y T T T T ——— =TT T Y v =) 00
1 2 5 10 —i 2
FREQUENCY Mz s vt
@ T
Figure 5 Transfer function between aortic blood flow and
dZ/dt for control state
COMP 2 DYE 30 METX FLDW o -
LX< 13
0 > [ 3417
g | -‘\‘\.\‘ g
w ~ . .45§
3 -
§‘m~ vouE
COMP 2 DYE 30 METX 02DT W —_— ‘s
-201 - =32
138
- v ' T — T T T T T T T ~—+ 180
%0 1 2 5 10 H?ﬂ —_— 171
_FREQUENLY  MZ H;
n A

Figure 6 Transfer function between aortic blood flow and
dZ/dt for methoxamine infusion
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An electrical network was synthesized to approximate the
transfer characteristics shown in Figures 2 through 6. It had
a real axis pole adjustable between .1 and 1 Hz, a real axis zero
adjustable between 4, 5 and 6 Hz and a fixed real axis zero at
10 Hz and also one real pole at 40 Hz and one at 160 Hz. The
first pole adjustable between .1 and 1 Hz, allowed a slight
change in the slope of the early descent in the magnitude func-
tion (1.5 Hz to 4 Hz). The zero adjustable at 4, 5 or 6 Hz
allowed a change in the position of the minimum of the transfer
function. A fixed zero at 10 Hz approximated the rise as seen in

the transfer functions at approximately 10 Hz,
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Figure 7 The resultant transformed impedance derivative
signal under different drug conditions.
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Figure 8 The resultant transformed impedance derivative
signal under different drug conditions
Figures 7 and 8 show the resultant transformed impedance

derivative signal for two different dogs under different drug
conditions as indicated on the figures. The éctual transfer
function used was chosen by adjusting the low frequency pole
between point .1 and 1 Hz and adjusting the zero until the con-
trol waveform appeared most like a fldw waveform. The transfer
function was then kept constant during the remainder of the ex-
periment on a particular dog. Figures 9, 10 and 11 show the
normalized stroke volume calculated (from one beat for each of
the drug conditions). The stroke volume was calculated using
the integrated electrgmagnetic flowmeter signal, the integrated
transformed dZ/d4dt signal and using the standard impedance
techhique (1). Figure 12 shows the normalized stroke volume for
the above mentioned variables for 7 consecutive beats on a dog

with left mechanical alternans.
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Figure 9 Normalized cardiac stroke volume vs,
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beats on a dog with mechanical alternans

Discussion

-

One of the pfoblems encountered in using the transformed
impedancé signal is that of determining thé position of zero
flow. In this study, points in early and in late diastole were
used, but the point that gave the most consistent results is the
notch in the waveform early in diastole as was shown in Figures
8 and 9.

Initially in this study a model of the system was considered
that was nonlinear. In actuality, in performing the transfer
function analysis it was of course necessary to assume a linear

time invariant system. In this early phase of development the
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above assumption was made and the results were evaluated to
determine if any reasonable correlation could be made. It will
be important in future experiments to explicitly study the
effects of the nonlinearities.

The results from this study must be regarded as preliminary
since only three dogs were analyzed. The general agreement
between the transformed impedance calculated stroke volume and
that calculated from the electromagnetic flowmeter was better than
that obtained using the standard impedance technique.

The transformed impedance calculated stroke volume showed
improvement over the standard impedance calculated stroke volume
when compared against the electromagnetic flowmeter because it
did not have the wide disagreements for certain circulatory
states. This can be seen in Figure 9 for methoxamine and nem~
butal drug states and in Figure 11 for the methoxamine state.

o results of these studies indicate that the transformed
impedance signal may improve the reliability of the thoracic im-
pedance signal in determining relative change in stroke volume.

More studies will be needed to evaluate the above hypothesis.
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ABSTRACT -

The maximum negative first derivative of the systolic
thoracic impedance change and duration of ejection were mea-
sured 1in 8 patients with cardiomegaly while stroke volume was
computed continuously using the pressure gradient technique,
Wide variations in heart rate and stroke volume were produced
by atrial pacing and as pulsus alternans occurred spontaneously.
Duration of ejection showed a close curvilinear relationship
with stroke volume best expressed as a logarithmic funetion
which was similar for all patients. A linear relationship
existed between the maximum impedance derivative and stroke
volume which was close in some patients but was poor or varied
with heart rate in others. No independent characteristic could
be found to.predict in which patients the maximum impedance de-
rivative reliably reflected changes in stroke volume. Wide
variations in this relationship between individuals prevented
its satisfactory description for all patients by any single equa-
tion. Computations employing the product of the maximum imped-
ance derivative and duration of ejection did not reliably esti-
mate absolute values for stroke volume and did not improve upon
the simple relationship between duration of ejection and stroke

volume.

Index Words: Impedance Plethysmography; Electrical Impedance;
Blood Flow: Heart Rate; Pacemaker; Pulsus Alter-
nansj Duration of Ejection; Isoproterenol.
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It is well known that the impedance offered to passage of
high frequency ezlectrical current by limb or body segments of
living organisms undergoes rhythmic changes synchronous with
cardiac activity. These cyclic changes in tissue impedance ap-
pear to result from changes in the volume of blood within the
segment under consideration (1) and alterations in the elec-
trical resistivity of blood which occur with changes in blood
velocity (2). These impedance changes may be readily measured
using external skin electrodes and an appropriate impedance
plethysmograph. The resultant waveform, which shows its major
deflection simultaneously with cardiac systole, has been used
as an indication of phasic blood flow. Although generally used
to indicate only relative changes in blood flow, several workers
have attempted to calibrate such impedance waveforms in terms
of absolute volume blood flow for human extremities (1,3,4).

Recently, Kubicek et al. (5), have designed a system for
measuring instantaneous transthoracic electrical impedance us-
ing circumferential electrodes around the neck and lower thorax.
Because of the need for a nontraumatic method of estimating in-
stantaneous cardiac output, we have studied their technique of
transthoracic impedance plethysmography as an index of stroke
volume in man. Instantaneous values of biocod flow cobtained us-
ing the pressure gradient technique in these subjects were used

for comparison with tThe impedance measurements.

METHOD
Blood pressure and flow in the ascending aorta were con-

tinuously measured in 8 male patients with normal atrio-ventricular
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conduction during the course of diagnostic cardiac catheteri-
zation (Group 1). Prior to study the informed consent of each
patient was obtained. All patients had cardiomegaly of unknown
origin and were receiving maintenance digitalis therapy at the
time of study. Pertinent clinical data are listed in Table 1.
No patient had evidence of pericardial, valvular, or arterioscle-
rotic heart disease, or evidence of subvalvular obstruction to
aortic outflow. In 6 patients no etiology for cardiac disease
could be found and a final diagnosis of idicpathic cardiomyopathy
was made. The remaining 2 patients had known hypertension for
5 to 7 years and were presumed to have hypertensive heart dis-
ease. No cause for hypertension was found in either patient.

The four electrode impedance system described by Kubicek
et al. (5), was used to obtain transthoracic impedance measure-
ments. A pair of circumferential electrodes consisting of 6.5 mm
wide alumihized Mylar strips backed with adhesive tape® were ap-
plied around the neck 7 em apart with the lower electrode at
the base of the neck. A second pair of electrodes was similarly
placed around the lower thorax, the upper electrode being 5 cm
below the xiphisternal junction. The two outermost electrodes
were attached to a constant current generator which supplied a
100 kHz alternating current at 4% ma. The voltage measured between
the inner two electrodes was then proportional to the total im-
pedance betweén them. In practice, the impedance bridge was
balanced at the mean impedance (Z,) between the two inner elec-
trodes and the superimposed impedance change consonant with

the cardiac ¢ycle and its first derivative (dZ/4t)

*Kindly supplied by the 3M Company, St. Paul, Minnesota.
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were continuously measured. Calibration was performed by step-
wise application of known resistances from 25.5 to 25,7 ohms

to the impedance bridge in 0.1 ohm steps. The differentiator
was calibrated by applying a ramp function equivalent to an
impedance change of 1 ohm/sec.

Phasic blood pressure aﬁd flow were estimated in the as-
cending aorta using the pressure gradient technique. A specilally
designed double lumen catheter having twe sets of lateral pres-
sure taps Y4 cm apart was introduced percutaneously through a
femoral artery and advanced under fluoroscopic control into the
- ascending aorta. Pressure from the distal lumen was recorded
directly and the pressure difference between the two lumens com-
puted continuously by electrical subtraction. This pressure
difference, which represented the axial pressure gradient in the
stream, was used to continuously compute the aortic flow with
an analog computer. Detailed discussion of instrumentation tech-
nigques, calibration pruﬁedures, and manometric accuracy require-
ments are available elsewhere (6,7). The pressure derivative
was obtained by electrical differentiation of the aortic pres-
sure signal.

A bipolar paéing catheter inserted through the vight cephalic
vaein faczilitated control of heart rate by right atrial pacing.
Lead ITI of a standard electrocardiogram was recorded continuously.
Data were recorded on a Hewlett-Packard Mcdel 4560 optical re-
corder at a paper speed of 100 mm/sec and a Hewlett-Packard Model

3520B magnetic tape recorder.
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All recordings were made during end-expiratory apnea
to eliminate respiratory artifacts from the impedance record-
ings. Data were recorded during sinus rhythm for 10 to 20
seconds. The heart rate was then increased 10 to 20 beats/min
by atrial pacing and after allowing 60 to 90 seconds for
equilibration, the measurements repeated. Additional incre-
ments in pacing rates were made so that 3-5 heart rates were
available for study from each patient. In 3 patients the
study was repeated during intravenous infusion of isoproterenol
at a rate of 3 meg/min. Similar studies were carried out using
ventricular pacing in 5 patients with idiopathic complete heart
block and transvenous right ventricular pacemakers. In 2 other
patients recordings were obtained during interference disso-
ciation produced by pacing the right ventricle faster than the
sinus rate,

In eﬁaluating the data, 6 to 22 heart beats were avail-
able at each heart rate, with a total of 20 to 81 beats for
each patient. The systolic, diastolic and pulse pressures were
measured directly from the pressure recordings. In evaluation
of aortic blood flow, zero flow was assumed to be present at
the end of diastole. Planimetric integration of the flow
tracings was performed to obtain stroke volume. Cardiac out-
put was computed as the product of mean strcke volume and
heart rate. Peak flow was measured as the maximum amplitude

of the flow recordings. The duration of ejection was taken
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as the interval of forward flow. The mean transthoracic imped-
ance (Z,) was read directly from a calibrated potentiometer on
the impedance bridge. The maximum negative systolic first deri-
vative of the transthoracic impedance (dZ/d4dt) was measurad
directly from the recordings.

Computation of stroke volume from the maximum negative im-
pedance derivative was carried out according to the method of
Kubicek et al. (5):

L dZz

5 e DE o e
Zo dt /max

78V (em°) = o -

where ZSV is the theoretical stroke volume computed from the
maximum negative impedance derivative, p i1s the blood resisti-
vity (150 ohm/cm), L is the distance between the inner elec-

trodes (em), Z, is the mean impedance between the inner 2 elec-

trodes (ohms), DE is the duration of ejection (sec), andcig

dt)max

is the absolute value of the maximum systolic impedance change

(chms/sec). Data analysis using standard statistical methods
and plotting of data were performed on an International Business
Machine Model 1130 digital compufer (8).

In addition to the above studies, impedance plethysmograms
alone were performed on several groups of patients without evi-
dence of cardiovascular disease. Group 2 was composed of 6
patients in whom the distance between the neck and lower thorac-
ic impedance electrodes was divided into equal thirds by two
additional equally spaced circumferential electrodes placed

around the thorax. Impedance measurements were then made
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separately from each one-third of the thorax., Group 3 consisted
of 6 patients in whom impedance plethysmograms were made with
the neck electrodes replaced by 1 x 10 em strips of aluminum
foil applied to the forehead and chin, carefully placed to avoid
palpable arterial pulsations. Group 4 included 10 patients in
whom 1impedance measurements were obtained between pairs of cir-
cumferential electrodes applied to each forearm. Impedance re-
cordings were made before and immediately after inflating blood
bpressure cuffs around both upper arms to 100 mm Hg above the sys-

tolic blood preéssure.

RESULTS

Figure 1 shows a typical recording of aortic blood pressure
and flow, and transthoracic impedance measurements obtained dur-
ing sinus rhythm and atrial pacing at several heart rates.
Throughout the ranges of heart rates studied cardiac output re-
mained remarkably steady with standard deviations of *3 to 18
percent for individual patients. All patients except J. S. de-
veloped pulsus alternans at some time during atrial pacing. Since
pulsus alternans tended to be unstable, continuous distributions
of stroke volume from largest to smallest often resulted. The
impedance and impedance derivative tracings in Figure 1 are typ-
iecal of recordings obtained with this electrode configuration.

An upwarnd deflection indicates a decrease in transthoracic imped-
anee, During sinus rhythm, the impedance reached a maximum prior

=+ the onset of ventricular ejection and then began to decrease
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rapidly reaching a minimum approximately consonant with peak
aortic pressure. The maximum negative first derivative of the
impedance occurred during early ejection prior to the attain-
ment of peak aortic flow. Ventricular ejection was often fol-
lowed by a smaller variable negative diastolic impedance deflec-
tion. During atrial pacing, first degree heart block frequently
occurred and was accompanied by separation of the major imped-~
ance deflection inteo two components having different slopes by

a brief slowing or transient reversal of the impedance change
(Figure 1). This finding was also present in patients with spon-
taneous first degree heart block during sinus rhythm and is per-
ceptable in Figure 2 A where the P-R interval was 0.22 sec. The

first component of the systolic impedance deflection occurred

to be about 0.05 sec in duratfieon. The second component began

with the onset of ventricular ejsetion and became minimum approx-
imately consonant with peak aortic blood pressure. Consequently,
during first degree heart block the impedance derivative showed
two negative peaks for each ventricular systole. At rapid heart
rates the pre-ejection peak often exceeded the peak which oggﬁrred
during ventricular ejection, Figure 1 D and E). Measurements

of the maximum negative systolic impedance derivative 1n this
study were made during the per”od of ventricular ejection.

Examination of 5 patients with complete heart block revealed

that the first component of the usual systolic upstroke of the
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impedance wave really represented the ascending limb of a nega-
tive deflegtion which accompanied atrial activity and could be
seen indeﬁendently of ventricular contraction (Figure 2). This
same atrial deflection was also observed separately from ventri-
cular activity in patients with interference dissociation pro-
duced by ventricular pacing at a rate more rapid than the sinus
rate (Figure 1 F). If a P—waQe fell on or within 0.05 sec prior
to a QRS complex, summation of the upstroke of the atrial deflec-
tion and the ventricular deflection appeared to occur, facti-
ciously exaggerating the maximum impedance derivative (Figure 1F,
beats 1 and 6).

All data from all eight patients in Group 1 studied with
the pressure gradient technique during sinus rhythm and atrial
pacing (481 separate heart beats) were used to construct plots
of maximum absolute impedance derivative, thecretical stroke vol-
ume computed from the maximum impedance derivative, and duration
of ejection against stroke volume shown in Figure 3., It is appar-
ent that the maximum absclute impedance derivative and its com-
puted stroke volume both showed a much wider variation than dura-
tion of ejection for a given stroke volume. Linear regression of
the maximum dZ/dt on stroke volume for each patient individually
generally improved this relationship, as shown in Table 2 (r =
0.43 ~ 0,93). Even when patiéents were considered individually,
however, there was marked variation in the closeness of this re-
lationship. In additibn, the slopes and intercepts of these re-

gression equations varied widely among the patients so that
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combining the data from all patients was markedly detrimental to
the overall correlation (r = 0.16) (Table 2). Visual examination
of plots of these data from all individual patients showed no
evidence of a nonlinear relationship.

As shown in Figure 3 C, plotting duration of ejection on
stroke volume resulted in a curvilinear relationship. Logarith-
mic plotting of these data produced an apparently linear relation-
ship, and correlation coefficients between Log .8V and Log,DE
(r = 0.70 to 0.96) were higher than correlations computed directly
from the corresponding linear data in 7 of 8 patients. The re-
sulting logarithmic regression equations are shown in Table 2 C;
the overall correlation coefficient was r» = 0.83. Fitting the
data to several other nonlinear curves including SV vs. LoggDE,
LogeSV vs. DE, SV vs. DE3, SV3 vs. DE, and SV3 vs DE° resulted
in poorer correlations than obtained from LoggSV vs. LogDE.

Including the maximum impedance derivative with duration
of ejection in order to compute a theoretical stroke‘volume
provided an improvement over the simple relationship between
duration of ejection and stroke volume in only one patient
(C. P.) and was markedly detrimental to the overall cor-
relation with stroke volume (r = 0.28), (Table 2). TFitting
these data to the came nonlinear curves tested for the SV
vs. DE relationship did not improve upon the correlation
coefficient obtained directly from the linear data. In
addition, regression of the theoretical stroke volume on
measured stroke volume tested only the lihearity and fit
of this relationship, and did not.compare absolute values of

computed versus measured stroke volumes. As may be seen in
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Table 2 and Figure 3, the theoretical stroke volume was of
little value in predicting actual stroke volume even in patients
in whom a close linear relations dp existed between these
quantities.

Infusion of isoproterenol in patients A, H., E. A, and
E. H. produced increases in sinus rates of 16, 15, and 7 beats/min
with increases in cardiac output of 47, 23 and 18 percent,
respectively. At this level of effectiveness isoproterenol
produced no consistent changes in slopes or intercepts of
regression equations between stroke volume and duration of
ejection, maximum impedance derivative or theoretical stroke
volume computed from the maximum impedance derivative, although
standard errors of estimate of maximum impedance derivative
were increased slightly (Figure U4).

In Table 3 results of regressions of the maximum impedance
derivative on peak flow, pulse pressure, and the maximum aortic
dP/dt are shown. In every case, visual examination of plots
of these data shdﬂed no evidence of nonlinear relationships.

The individual relationships of the maximum impedance derivative
with peak flow were similar to those with stroke volume

(r =0,21 to 0.90), with a poor overall correlation (r = 0.23).
Pulse pressure was mcderately well correlated with maximum

dZ/dt for individual patients (r = 0.55 to 0.93), but the

marked variation between individual patients in slope and
intercept of the regression equations resulted in poor overall
correlation (r = 0.19). Regression of the magimum aortic

dP/dt on maximum dZ/dt resulted in mediocre individual

(r = 0.11 to 0.82) and overall correlation coefficients (r = 0.47).



-215-

Impedance measurements recorded from the upper, middle,
and lower one-thirds of the thorax of patients in Group 2 are
 shown in Table 4L, Most of the impedance, as well as most of
the impedance change, was recorded by electrodes enclosing only
the upper one-third of the chest. Impedance recordings obtained
from the six patients in Group 3 with the upper two electrodes
affixed to the forehead and chin to avoid obvious arterial
pulsation produced a mean maximum absolute dZ/dt of 2,45
ohms/sec as compared with 1.80 ohms/sec using the usual neck
electrode configuration (P<0,01)., Mean impedance measurements
from patients in Group 4 with electrodes attached to right and
left forearms before and during arterial occclusions produced
by inflating blood pressufe cuffs around the upper arms are
shown in Table 5. Completely eliminating arterial pulsation
from the extremities to which the electrodes were attached

produced no significant change in the maximum absolute dZ/dt.
DISCUSSION

Transthoracic impedance plethysmography provides a means
for continuous measurement of the impedance encountered by
a high frequency sinusoidal electrical signal as it passes through
a segment of thoracic tissue. The present four electrode
impedance plethysmograph described by Kubicek et al. (5) uses
a 100 kHz constant current source to drive the two outer
electrodes. Such a constant current source is essential for
reliable impedance measurements in order to prevent variations

in current flow even if artifactual changes in electrical
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impedance result from physical changes at the skin-electrode
interface (5, 10). Since current flow through the tissue
segment is thus held constant, the voltage drop measured
between the inner two sensing electrodes is proportional to

the total tissue impedance between them (according to Ohm's
Law, at a constant frequency voltage drop = current x impe-
dance). Use of four-electrode system eliminates measurement

of the region of increased impedance near tha exciting electrodes
where electrical field lines are concentrated as they pass

into the interior of the body (inhomogeneous field resistance),
unlike systems using only two electrodes (9).

Hill et al. (10) have emphasized that even small var- ¥
iations in mechanical pressure exerted on the sensing electrodes
may produce major artifacts in the impedance signal. From
studies on the extracorporeal bovine eye and intact human
finger, they felt that the entire impedance signal extracted
during pulsatile blood flow was artifact produced by changes
in pressure on the sensing electrodes secondéry to tissue
volume changes which occurred with phasic alterations in
blood content. Finding that most of the total transthoracic
impedance change could be measured between sensing electrodes
enclosing only the upper one-third of the thorax suggested that
pulsatile neck vessels beneath the upper electrodes also
might produce such skin electrode interface artifacts in the
_present study. Accordingly, the upper two neck electrodes
were replaced with electrodes positioned on the forehead and

chin to avoid palpable arterial pulsations. This electrode
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placement actually increased the phasic impedance change accom-
panying cardiac systole, contrary to what would have been expected
if neck pulsations had artifactually increased the impedance
éhange by varying the pressure exerted on the electrodes. The
additional finding that completely removing arterial pulsations
from electrodes applied to the forearms by pneumatic arterial
occlusion in the upper arm did not significantly decrease the
measured impedance change substantiated the existence of a real,
measurable transthoracic impedance change independent of possible
electrode artifact.

In structures completely composed of incompressible tissue,
any change in blood content which accompanys arterial pulsation
must be transmitted to the surface as changes in total organ
volume. This may account for the inébility of Hill et ai. (10)
to measure electrical impedance changes independently of pressure
artifact at the tissue—electrode interface in the eye and finger.
In transthoracic plethysmography, however, the great vessels of
the thorax are not completzly surrounded by incompressible tissue
but border on air containing lungs which may allow them to pul-
sate without transmission of their volume change to the exterior
of the thorax, thus permitting measurement of electrical imped-
ance changés independently of changes in pressure at the skin-
electrode interface. Contrary to the findings of Hill et al.
(10) however, other workers have reported that they were able
tc reliably measure the effecti?e impedance of the human arm
without significant electrode artifact using the four electrode

impedance plethysmograph (9). No explanation for the disparity
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betwecn these reports is apparent.

In the present study, the pressure gradient technique,
by permitting accurate estimation of beat to beat variations
in stroke volume, provided a means for evaluating transthoracic
impedance plethysmography. All patients studied with the
pressure gradient technique had heart disease with cardio-
megaly but none had valvular heart disease which has been pre-
viously suspected to invalidate cardiac transthoracic imped-
ance measurements (1ll). Variations in stroke volume were ﬁro-
duced by atrial pacing at several rates. In addition, all
patients except one developed pulsus alternans during atrial
pacing at one or more rates, further increasing the range of
stroke volumes available for study. Pulsus alternans is
commonly seen in patients with cardiomegaly associated with
idiopathic cardiomyopathy and hypertensive’heart disease (12,13)
and is enhanced by rapid heart rates (14). With increasing
pulsus alternans the correlation between stroke volume and heart
rate decreased. In the absence of pulsus alternans stroke
volume would be expected to have an inverse relationship with
heart rate (as in patient J.S. without pulsus alternans),
since within the physiologic range cardiac output is changed
little by alterations in heart rate (15).

Previous studies which compared transthoracic impedance
plethysmography with indicator dilution determinations as car-
diac output was increased by exercise have been hampered by the
small changes in stroke volume observed, since augmen%ation

of cardiac output during exercise is accomplished chiefly by



an increased heart rate with little change in stroke volume

(5). The present study showed that at a fixed heart rate the
impedance plethysmogram could reflect alterations of ventricular
activity produced by pulsus alternans, demonstrating a linear re-
lationship between stroke volume and the maximum impedance deriv-
ative. Although this relationship was close and similar for all
heart rates in some patients, in others it was only mediocre or
varied with heart rate resulting in poor correlation when all
rates were considered simulta;eously. Unfortunately, no other
characteristics could be found to distinguish between patients

in whom this relationship was c¢lose and those in whom it was
poor, so that no means were available to predict in which patients
a reliable linear relationship could be expected. In addition,
even among patients for whom this relationship was good, the
slopes and intercepts of the regression equations were highly
variable from one patient to another, so that no single equation
could describe the relationship for all patients.

Greenfield et al. (16) have recently demonstrated a close
logarithmic relationship between duration of ejection and stroke
volume in é group of patients with atrial fibrillation and an
irregular ventricular rhythm. Similar findings in the present
study of patients having regular ventricular rates with alter-
ations in stroke volume produced by atrial pacing further strength-
ens the validity of this relationship during supraventricular

rhythms., The equation relating duration of ejection to stroke
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volume in a group of patients during atrial fibrillation
(Log DE = 0,34 Log SV - 2.88) provides remarkably similar
solutions throughout the range of stroke volumes observed to
the equation obtained in the present study (LogeDE = 0.2Y4
Log SV - 2,56). (In the original equation of Greenfield

et al. (16) relating duration of ejection to stroke volume,
DE and SV were interchanged and are shown here corrected).

In patients with complete heart block, during ventricular
pacing, ducation of ejection has been shown to have a direct
linear relationship with troke volume (17). The reason for
the dissimilarity of this relationship between patients during
ventricular pacing and those with regular or irregular supra-
ventricular rhythms is not apparent. The range of heart rates
studied in the patients with complete heart block (mean lowest
rate = 84 beats/min; mean highest rate = 133 beats/min) was
not greatly different from the range of heart rates observed
in the present study (mean lowest rate = 91 beats/min; mean
highest rate = 139 beats/min). Likewise, the ranges of stroke
volume observed were not remarkably different. It appears that
normal atrio-ventricular conduction may in some way result in
a slightly different relationship betweeéen stroke volume and
duration of ejection than that seen during ventricular pacing.

Empleying the product of duration of ejection and the max-
imum impedance derivative in the formula proposed by Kubicek

et al. (5) for computation of "impedance stroke volume" did not
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improve upon the simple relationship between duration of ejec-
tion and stroke volume for individual patients, and was markedly
detrimental to this relationship when all patients were considered
simultanecusly. Visual examination of these plots revealed no
evidence of a nonlinear relationship. Examination of individual
regression equations between "impedance stroke volume'" and actual
stroke volume showed that even when good correlation was observed,
the "impedance stroke veolume”" did not reliably indicate absolute
stroke volume, Had this been the case, regression equations be-
tween "impedance stroke volume”™ and actual stroke volume would
have had intercepts at the origin and slopes of unity. Thus,

this formula did not reliably predict absolute stroke volume and,
under conditions of the present experiment, did not improve upon
the simple relationship between duration of ejection and stroke
volume.,

Infusion of isoproterendl at a rate to produce 18 to 47
percent increases in cardiac output produced no consistent alter-
ation of the relationship between stroke volume and the maximum
negative impedance derivative. This is consistent with previous
studies using indicator dilution determinations where the increased
cardiac output produced by isoproterenol infusion was generally
reflected by appropriate relative increases in the maximum nega-
tive impedance derivative (11). Of considerable interest was
the relative lack of consistent effect of isoproterenocl on the
relationship between the duration of ejection and stroke volume,
since positive inotropic¢ stimuli are known to decrease the dura-

tion of systole. Although much of this decrease may ocecur in
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the pre-ejection isovolumic contraction period due to increased
contraction velocity, it is probable that at higher levels of
inotropic stimulation the stroke volume - duration of ejection
relationship would be altered as well.

Nyboer (18), using precordial electrodes, has previously
noted a change in thoracic impedance corresponding to atrial
activity. As in the present study, he found that the atrial de-
flection began 0.10 to 0.12 sec after the P-wave of the electro-
cardiogram. In our patients with atrioventricular dissociation
this deflection was 0.10 to 0.20 sec in duration,_generaily being
longer as the interval from the previous Ventricu}ar contraction
lengthened., The source of this impedance change occurring with
atrial activity is not known. Unfortunately, atrial pressuvre
recordings were not available simultaneously with impedance mea-
suremehts during atrioventricular dissociation. During atrio-
ventricular dissociation, the maximum impedance derivative cor-
responding to ventricular systole may be artifactually increased
by coincident atrial and ventricular contractions. Since during
normal atrioventricular conduction the termination of the atrial
and onset of the ventricular impedance deflections appear to
merge, slight convergence or divergence of atrial and ventri-
cular contractions might alter the maximum systolic impedance
derivative. In the present study there was no consistent dif-
ference in the relationship between the maximum impedance de-
rivative and stroke volume when patients went from normal atrio-
ventricular conduction in sinus rhythm to first degree heart
bloeck with atrial pacing. It appéared that the atrial impedance

change produced significant distortion of the maximum impedance
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change corresponding to ventricular systole only with an obvious-
ly short P-R interval or coincidence of the P and QRS complexes.
Studies performed in anesthetized dogs by Witsce and Kottke
(19) showed that transiently occluding right ventricular output
by inflating a balloon in the right atrium had little effect on
the thoracic impedance waveform while similar occlusion of left
ventricular output essentially abolished the impedance waveform.
Further, ligation of all major branches of the thoracic aorta
did not greatly alter thoracic impedance recordings. They con-
cluded that in dogs the thoracic impedance waveform appeared to
originate chiefly from the thoracic aorta with little contribu-
tion from the systemic arterial branches or from the pulmonary
circulation; Because of these findings, hemodynamic measure-
ments which might be expected to reflect aortic dynamics were
made for comparison with the maximum impedance derivative. Re-
gression of peak aortic flow rate, pulse pressure, and maximum
dP/dt in the ascending aorta on the maximum impedance derivative,
however, showed no closer correlation than observed with stroke
volume. Similarly, the relationships of each of these quantities
with the maximum impedance derivative varied between patients so
that simultanecus consideration of the data from all patientg

was markedly detrimental to the overall correlation coefficient.
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TABLE 1

Clinical Data

B e ik U A et e e

Patient Diagnosis Age Height Weight gizggure Cardiomegaly Previous N.Y.H.A.
(yr) (in.) (1bs.) (mm Hg) CHF Classification

J. S, IMH 54 68 1/2 164 130/90 + + 2

A, H. IMH 35 65 3/4 146 100/60 + 0 1

E. A, HCVD 2 658 1/4 238 160/110 + + 2

E. H. IMH 3y 67 1682 - 100/70 + + 3

Jd. G. IMH U5 70 Iy 136/90 * + 3

J. T. HCVD 4l 68 1/2 147 150/120 + + 2

H. S. IMH by 69 142 120/80 + + 2

cC. P. IMH 42 69 148 105/90 * + 3

IMH = idiopathic myocardial hypertrophy;

N.Y.H.A.

= New York Heart Association €Classification

HCVD = hypertensive heart disease;



TABLE 2: Correlations of Duration of Ejection, Maximum Derivative and Stroke Volupe Computed from the

h

Maximum Impedance Derivative

daximum Impedanee Mepivative with Stroke Volume 'feasured Using the Pressure Gradient Technique

a c.

Duration aof Fjection Stroke Yolume Computed from

the Maximum Impedance Derivative

Duration of

Stroke Maximum ; i %-8V
Volume dz/dt Liection . . - . . )
Patient Number of -— — Regression Equation [d -— hepression Lquation r Regression Bquation "
Beats Range Range Pange Range
(em?) ‘{ohms/sec) ) {sec) tem?)
J. 8. na 10-29 0.500 - 1.350 DZDT = 0.354 + 0.0253 S5V Q.95 0.130 - D.190 Logenﬂ = -2.80 + 0.339 LDgESV .95 15-45 Z5v = 3.5 + 1.42 3Y 0.9y
A. H. 75 9-64 9.120 - 1,000 DZDT = 0.071 + 0.0132 SY n.493 0.139 - 0.260 Log DE = -7.93 + 0.386 l.ojr,e?‘.' 0.94 G-101 WGV = -5.8 + 1.42 5V D.96
E. A, &8 B-45 0.120 - 1.010 DZDT = 0.287 + (0.0138 SV 0.48 n.,115 - 0,710 LOEGDE = -3,00 + 0.36h LDEESV 0.96 10-%9 %5¥'=z 2.0 + D.93 3V N.91
E. H. - 54 E~15 0.270 - 0.915 DEDT = 0.0§7 + 0.0069 SV G.u9  0.175 - 0.230  Log DE = -2.9% + 0.320 lop SV 0,78 12-u7 7SV = 5.3 + 0.uh 5V 0.58
J. G. 56 13-39 0.310 - D.795 DZDPT = 0.331 ¢ 0.010§6 BV 0,43 0.130 - 9,210 LOgLDE = -2.95 + 0,374 LOQUSV 0.97 18-85 Z8Y = 2.4 4+ 1,37 SV 0.62
J. T. 23 6-30 0.230 - 0.555 DZDT = D.037 + 0.01565 SV 0,76 6.135 - 0.175 LogCDIZ = =7.31 t a.1u? Lori_n-‘i‘! 0.79 7=-20 Z8¢ = -1.0 + 0.65 5V 0.78
H. S. ™ 924 0.205 - D.635 " DZDT = 0.095 + 0.01A7 SV 0,57 0.104% - R.1BD Luﬁr D= -2.60 + 9,262 er,“fi'! 0.%75 5-2% AV o2 0.0+ 0.77 Y 0.6H
c. P. 8l 8-29 0.226 - 1.362 DZDT = 0.DBY + N.03th SY 0.B6 n.110 - 0,190 LO}},( DL = «2,77 + 0,283 LDEES'.' f8.70 5-94% AW s =55 + 1.53 BY 0.87
All 461 DZDT = 0.503 + 0.0038 sV 0.1% Log Dl = -7.56 F 0200 Leg TV n.83 WSV = 18.3 ¢ 0.76 SV n.28
See = standard error of estimate; DZDY = maximum absolute impedance derivative; DE = duration nf 5% = steobr volume computed Crom the maximum impedance derivative.

eicction




"TABLE 3: Correlation coefficients obtained by linear regressicn of various
hemodynamic parameters and the maximum systolic transthoracic
impedance derivative (dZ/d4t).

=92¢-

Patient Number Heart - Cardiac Heart Maximum Maximum Maximum Maximum
of Rates Output Rate vs. dZ/dt dzZ/dt dZ/dt dz/dt
Beats (em3) Stroke vs. VS. VS. vs.
' Volume Stroke Peak Pulse Maximum
Volume Flow Pressure dP/dt
: ' ' - r - T T r r
J. S. 4o 78,102,115 1840 * 325 0,90 0.85 0.87 0.66 0.11
' 128 :
A. H. 75 79, 94,106 2470 * 405 0.79 .0.93 0.90 0.93 0.78
114,125 :
E. A. 58 71, 85,107 2930 * 215 0.66 0.88 0.80 0.55 0.4l
118,140
E. H. 54 100,104,118 7132 + 1110 0.56 0.n49 0,21 0.65 0.37
131,145
J. G. 56 94,103,126 3000 + 5190 B.48 0.43 0.4%3 : 0.78 0.59
137,158 : |
J. T. 23 105,126,133 2670 * 85 0.39 0.76 0.80 0.80 0.74
H. S. Th 86, 92,102 1810 = 55 0.38 0.5%7 0.57 0.69 0.64
' 115 '
c. P. 81 97,126,141 2665 * 200 0.08 0.86 0.71 0.93 0.82
' 165 '
All 461 | 0.20 0.16 0.23 0.19 0.47

Cardiac output is the mean for all heart raﬁ%s obtained using
the pressure gradient technique * one standard deviation.



TABLE 4:

Mean thoracic impedance and maximum systolic impedance derivative
measured between circumferential electrodes enclosing the entire

thorax, and the upper, middle and lower one-thirds of the thorax

in 6 patients without known cardiovascular disease.

Mean Thoracic Impedance

Maximum Systolic Impedance Derivative

(ohms /sec)

Total Upper 1/3 . Middle 1/3 Lower 1/3

Patient Age Total Upper 1/3  Middle 1/3 Lower 1/3

_ (yrs) '

R. P. 28 21.5 15.7 3.1 3.7 0.85 0.76  0.12 0.1k

R. S. 27 22.5 15.8 4, 2 2.9 2.08 1.45 0.61 0.10 g
M. WS 56 31.4 18.7 5.5 8.0 2.15 1.46 0.63 6.50 ©
L. J. 58 32.8 18.9 10.2 4.4 1.22 1.03 0.71 0.10

H. C. 42 28.8 14 .4 8.2 7.3 2.28 1.44 0.51 0.1%

W. C. 22 24,2 17.3 3.7 3.4 L.88 1,47 0.63 0.10
Mean 26.8 16.8 5.8 4.9 1.79 1.27 0.53 0.17

SEE 2.1 0.8 1.2 1.0 0.28 0.13 0.09 0.07
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TABLE ‘5: Maximum systolic impedance derivative measured between right and left arms of
' 10 subjects without known cardiovascular disease. Measurements were made }
~.prior to and immediately following inflatiom of pressure cuffs on the upper 5
‘arms to 100 mm Hg above systolic pressure. There was no statistically N
significant difference between the means of the two groups. P
Age Maximum negative systolic impedance derivative
(yrs | ' ' (ohms/sec)
Control Cuffs inflated
g s 0.83 0.87
gy 0,77 0.59
34 1.08 0.93 o
. - jc.o)
5 1.55 1.65 .
48 1.85 1.82
148 | - 1.17 1.21
ue 1.89 | 1.49 ;
42 : 1.74 1.72 i
47 | 2.62 - 2.45 2
51 | 1.19 0.94 :
Mean * 8. D. 1.47 * B.57 1.37 * 0.56

&
pr.d
3
)
2
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Figure 1 Data obtained from patient A. H. during sinus rhythm (A},
pacing at 85 (B), 107 (C), 118 (D) and 140 beats/min (E), and during ventricular E?;—_f1

pacing at 136 beats/min (F).
electrocardiogram of panel F.
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of a QRS-complex.
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Figure 2 Data obtained from a 74 year old man with complete
heart block during ventricular pacing at- 50 and 70 beats/min.
The position of the P-waves is indicated on the electrocardio-
gram and the increase in thoracic impedance following each P-
wave indicated by arrows above the impedance tracing.
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STUDIES USING THE IMPEDANCE CARDIOGRAPH ~S A POTENTIAL

MONITOR DURING TREATMENT OF ACUTE DiSSECTING ANEURYSMS

R. S. Eliot, Howard W. Ramsey, R. F. Palmer, and E. K. Prokop
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CABSTRES T 5 () }i () () ][‘4L
The purpose of this study was to attempt to correlate the impedance
output; dz/dt, with the cardiac parameters dP/dtmax and contractility.

dP/dt .. (in the ascending aorta) and the impedance output, dZ/dt were

ratio for dP/dtmax after and before lIsuprel administration was 2.0.

"The mean ratio for dZ/dt under the same conditions was 1.7. The

impedance cardiograph was then used on dogs along with a catheter

positioned in the ascending aorta, and a strain gauge attached to the
left ventricle. Isoproternol (b M gm), Arfonad (2 mg), and propanolol
(1.5 mg/kg.) were given IV with an appropraite time interval between
administration of each drug. dP/dtmax‘correlated with the height of
the strain gauge recording. The impedance output, dZ/dt, did not

correlate with either dP/dt or the height of the strain gauge recording.

max n
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INTRODUCTION

Previous studies have indicated that the shape of the pulse wave is
the most important factor iﬁ the extension and rupture oflacute dissecting
aneurysms. It was also shown that non-pulsatile flow woﬁid not cause
a Y“standard model of an aorta' to dissect, whéreas, pulsatile flow
would cause dissection. The rate of dissection was related to dP/de
“in the fluid. There was a critical value for dP/dtmax before dissection
occurred.l

The above study supports the ratioﬁ;le for the use of drugs to decrease
contractility and thus decrease dP/dﬁmax as a mode of therapy in acute
dissecting.aheurySms.2 However, during drug therapy there is no easy methed

to monitor dP/dt unless a chronic indwelling catheter is placed in the

max
aorta, which is certainly far from ideal therapy. Therefore, monitoring

a person being treated with drugs for an acute disﬁﬁgting aneurysm consists
of following the ECG, blood pressure, pulses, uriﬁ%léutput, and stools

for bloeod, |

‘Recent studies have suggested that thoracic impedance plethysmography

may provide a non-invasive and easily adaptable method to estimate myocardial

fpnction. 3}“ This study was undertaken to evaluate the impedance cardiograph

as a potential monitor of cardiac function during treatment of acute

dissecting aneurysms.

MATERIALS AND METHODS
Humans : A 7 French NIH catheter connected to a pressure transducer (P23
De-Statham) was placed in the ascending aorta. The impedance cardiograph

was connected according to the Prelimipary instruction Manual for Minnesota

lmpédance Cardiogréph Model 202. The outputs were cpnnected to a |

}e¢Ordé} {Honeywel1 1108 Visicorder). dP/dtmax was determined by measuring

R T e
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the slope at the steepest point on the pulse wave. The final value

for dP/dtm was the average of five consecutive measurements. The height

ax
of the impedance wave form dz/dt was measured. d?Z/dt? was aiso calculated by
measuring the slope at the steepest point on the impedancc wave, dZ/dt.
The final value was the average of five consecutive measurements. |t was
decided to calculate the slope of dZ/dt along with the height of the impedarice
wave, dZ/dt,since there seemed to be some ambiguity as to where the baseline
should be measured.

Dogs: Dogs (2) were anesthesized with 8 cc. of pentobarbitol (50 mg/cc.).
A polyethylene catheter connected to a pressure transducer (Slatham, modei
P23AC) wias positioned in the ascendihg aorta via a femoral artéry puncture.
The dog wés placed on a positive pressure respirator. The chest was
opened on the left side, and a Walton-Brodie strain gauge was sutured to
the left ventriclie. The chest was then closed. The impedance cardiograph
was connected. Two disposanle electrode tapes (3M type) were placed around
the neck of the dog. The No. 3 electrode was placed at the base of the
sternum and the No. &4 electfode placed around the(ébdomen approximately 8 cm.
below the No. 3 electrode. The outputs froh the impedance cardiograph were
connected to a Grass Polygraph (model7 ). dP/dtmax and dZ/dt were heasured

as above. The height of the strain gauge tracing was recorded.

RESULTS

Humans: As can be seen in Table | the mean ratio for-dP/dtﬁax with
isuprel and before lsuprel adminiétration was 2.0 (range 1.3 - 2.6). The
mean ratio for dZ/dt under the same condition was 1.7 (range 1.1 - 2.2},
There was an Increase in dzzfdt2 in all cases except one ( patienth) where

é?/df!decreased after Isuprel administration. dP/dtmax and dZ/dt ware

slightly increased for this patient.
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Dogs : Figure 1 shows the results of an IV injection of Arfonad ( 2 mg)
Sn dP/dtmax and the height of the strain gauge tracing. A tracing of the
shape of the pulse wave is also shown., There is initially an increase in
dP/dtmax and then a decrease to 40% of the control value after 17 min.
The height of the strain gauge tracing does not show an initial increase,
but decreases to 50% of its control value after 17 min. Data on the other
dog is not shown, but essentially showed the same trend. The impedance
waveforms are shown in Figure 2. Tracings C and D (after injection of
Arfonad) show changes from the control tracing, B. However, these impedance
outputs were not interpretable. dP/dtmax and the strain gauge recordings
did not show any changes.
The effects of an IV injection of Isoproternol (& u gm) on dP/dtﬁax
and the height of the strain gauge tracing is shown in Figure 3, dP/dtg
shoﬁs a ten fold increase over the control value after 2 min., and returns
te control value in approximately 11 min. The height of the strain gauge tra-
cing increasedthree fold in approximately 1 min. and had still not returned
to control values after 11 min: Results of Isoproternol injection on
the other dog is essentially the same and is not shown. The same problem

with the impedance output, dZ/dt, was encountered following isopropernol

injection as was following Arfonad.

DiSCUSSION
These preliminary results in a small group of subjects indicate that
- there may be a relationship between dP/dtmax and dZ/dt, d2Z/dt2. However,
when the impedance cardiograph was used on dogs the findings were not
cqnsistent with those obtélned f.om humans. In sﬁite of careful attention
Hto the details of the technique the same results were obtained when the'

impedance cardiograph was used on'dogs on two separate occasions. = In
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studies performed by Siegel and Fabinq, they were able to show in canine
preparations that dZ/dt bears a direct relationship to the time from onset
of contraction to the maximum dP/dt. Kubicek® also reported that the
magnitude of dZ/dt varied in a linear fashion with variations in
peak ejection rate.

The reason for this discrepancy is not entirely clear. One source
of difficuity might have been that the dogs chests were opened to attach
the strain gauge and then closed. Kubicek 3 reports obtaining satisfactory
signals from dogs which also had thoracotomies for placement of electro-
magnetic flowmeter probes. Placement of the electrodes may 21so have been
responsible, but this study was only interested in relative changes.
Therefore, once the electrodes were applied they were not moved dufihg the
course of the experiment. Clearly there is a discrepancy that exists
between the human and dog data which cannot be readily accounted for. However,
develobment of an atraumatic method to measurelcertain cardiac parameters
during treatment of acute dissecting aneurysms would be extremely valuable.
Since part of the data in this study does support the use of impedance
cardiography in monitoring the cardiac parameter, dP/dt it

max
is felt that this method deserves further evaluation,

SUMMARY

The impedapce output, dZ/dt, was compared with'dP/dtmax measured in the
ascending aorta of humans, and both dP/dtmax and contractility measmred
in dogs. The foilowing results were obtained.

1. In humans there was a reltionship between dZ/dt, d2Z/dt? and dP/dt
before and after lsuprel injection, ”

2. In dogs dZ/dt did not relate to either dP/dty,, or contractility.




TABLE 1.

Values for dP/dtm

ax

measured in the ascending aorta and the impedance

outputs dZ/dt and d?Z/dt? measured on ¥ subjects before and after administration

of 1.9 u grams Isuprel for 3 minutes.

CONTROL _ C ISUPREL RATIO
dP/dt (max) [dZ/dt |d3Z [@ridt s (dz/dt {d2Z kip/at max g@z/at d?/dt?max
NAME . scending }Tmped.}dtZ(max) "scendih Imped.| dt?(max){(c Isuprel) |(c Isuprel)|( Isuprel)
. orta ’ { Imped. Ebrta 1ng | Imped. e : ITTatmax
AO: | ldp/at max QzZ/at (control)
[(control) |(control) }"=°Mrror’
Patient 1
- Dx -
ASD 3.3 1.7 11.1 7.4 3.7 21.3 [ 2.2 2.28 1.9
- Pulmonic 1
Stenosis | 1 !
Patient 2 “
Dx | (i
Normal Heart|, o 1.9 8.9 7.1 3.8 |{ 25.9 2.6 2.0 2.9
s Coronary !
Disease + |
Patient 3 |
- Dx Ju.1 2.2 10.2 2.8 12.3 1.3 1.2
Normal Heart| -
Patient 4 j M
Dx 3.4 1.5 6.8 1.7 6.6 1.3 1.1 .91
CHF (Severe)
MEAN 3.4 1.8 9,2 3.0 16.5 2.0 1.7 1.7

=¢hi-



f.. Calibration : bt
B. Control tracing for dz/dt | )
C. & D. Tracing after IV injection of 2 mg. Arfonad (see text for discussion)
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Figure 11.
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TIME STRAIN . 2
{(min) GAUGE dP/dt SHAPE OF PULSE WAV |
. Figure 11l. Changes in the
0 5.5 2.5 height of the strain gauge
. recording and dP/dt _ (measured
in .the ascending actta) when
b ugm. of isoproternol was
, injected IV into a dog. A tracing
19.0 8.5 of the shape of the pulse wave
‘ : : measured in the ascending aorta
" is also shown. ‘
2 . |- - | 2.0
!
. %
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TIME STRAi )
' (min) GAUGE dP/dt SHAPE OF PULSE WAVE
0 6.5 L. 4
5.2 21.0
5 3.5 L.5
2.8 2.4
17 3.5 r.7
Arfonad“ B e
2mg.

Figure |. Changes in the height of the strain gauge recording and
dP/dt__ (measured in the ascending aorta) when Arfonad (2 mg.) was
injecteé IV into a dog. A tracing of the shape of the pulse wave
measured in the ascending aorta is also shown,
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A COMPARISON OF CARDIAC OUTPUT VALUES- BY THE
IMPEDANCE CARDIOGRAPH AND DYE DILUTION
JECHNIQUES IN CARDIAC PATIENTS

- oam e e ww e mm wm o

Loren W. Heather, M.D.
Orange County Medical Center
Orange, California

In clinical cardiology.it is frequently of great practical
necessity to obtain physiologie data by noninvasive and atraumatic
techniques. Methods to obtain such data quickly and repeatedly
without disturbance to the care of the patient will find wide
acceptance in diagnosis, monitoring, and evaluation of therapy.
It has been proposed that impedance methods may provide useful
measurements of cardiovascular dynamics, particularly of stroke
volume and cardiac output. Although such data are promising in
normal individuals there is less information on the applicability
of these techniques in patients with heart disease. |

~ Therefore, we have attemptéd to cérrelate data obtained by
the use of the Minnesota Impedance Cardiograph with simultaneous
data obtained at cardiac pafheterization and angiocardi&graphy.

Hethods:

- 38 patients were studied during cardiac catheterization.
-SBlunaerwent cbmbined right and left heart catheterization by
con&entional teChniqueéﬁ 'Ongnhéd right heart catheterization
with éimultaneous;femorél arté;ypunctupe.and one had only left

heart catheterization with basilic_vein cannulization. All had

N70-10015
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cardiac output determination by using indocyanine green calcu-

lated by standard Stewart-Hamilton formulae.

Material:

Confirmed diagnoses of the 38 patients are listed in table #1.

Mitral Stencsis 3
Mitral Insufficiency 6
Mitral Stenosis and Insufficiency 3
Aortic Stenosis 2
Aortic Insufficiency 6
Combined Valvular Lesions 3
Congenital Heart Disease 5
Myocardiopathy : : | 2
Corénary Artery Disease L
Miscellaneous E - 3
Normal 1

Table #1: Diagnoses of patients studied.

Results:

In all but one case waveforms satisfactory for interpretation
were obtained with the Minnesota]lmpedance Cardiograph. This
patient was a 33 year old male with severe hyposcoliosis, atrial
and ventricular septél defects, ﬁidirectional shunting and pul:
monary hYPertgnsiqn. q' ~

Figufé-imshowsacomparison of cardiac outputdé%erminatiqgs
by tlie two methods on all patients. The degree of scatter is- |

considerable. Therefore, the patients were examined by diagnosis
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to determine ifiSpecifﬁc hemodyhamic abnormalities gave con-
siétent alterations in these measufements. |

Figuvre 2 inoiudes all casés of aortic insuff&cienc?. uIni,
all cases the output determined by Impedance:exceeded that-ﬁeQﬂ

termined by indicator dilution. The one case of mild aortic

7 o g S

inéﬁffidiency was closest to the isovalue line.

7 These findi%gs are not surprising if, as has been pasfulated,
the impedance method actually measures total aortic blood flow,
whilaﬂihe indicator dilution techniqﬁe measures only net forward
flow. Further studies would be necessary to determine whether
this comparison could be useful in assessing the severity of

the regﬁrgitation. If this were so, even on a relative basis,

it might be a useful method of monitoring the course »f the

disease, particularly in patients with bacterial endocarditis

and in these patients whoidevelbp leaks around prosthetic aortic
valves. |

In patienféfwith mitral insufficiency our data suggest that
the impedance techniqﬁé underestimates cardiac output, and the
degree of undereétimation was greatest in those with moderafe
and severe insufficiency (Figure 3). The reason for this is

not clear.

L If cases of valvular insufficiency are excluded, correlation 1
of cardiac output determination by the two methods is relatively

good (Figure u),.

T S TR

Although cardiac output determinations are very useful, it

is frequently desirable to’obtain_additibnal physiological data

specifically asseésingfmyocardial contracfility.; Probably the

B
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best-such guide is the angiographie obsérvation-of the left
ventricular emptying and calculation of ejection fraction. For
eclinical purposes non-invasive techniques for eétimating left
ventriculab congractility have obvious advantages. Twsaaur-.
rently used methods for estimating contractilityiare seen in-
Table 2. Both use bhonocardiogram and carotid pulse tracings

and are based primarily on the time required to generate adequate
force to open the aortic valve.

In the impedance tracing the R-Z maximum interval hag been
suggested asﬁa,guide to myocardial contractility. This would
appear to be reliable and somewhat similar to Weissler's pre-
ejectioﬁ period. Others have indicated that the height of
d%/dt related to maximum ejection velocity.

Thereforé, it was considered that a combining of these
dZ/dt | |
q -z I -
of left ventricular function (Figure 4). In a small number of

measurements ingerval might be useful in the evaluation

cases where the ECG was recorded thig_appears to give an é;ﬁél-
lent separation of cases which on angiography have poor left
ventricular funetion from thoée with good function (Figure 5).
Patients with pure mitral stenosis are in the low normal range,

possibly because of poor left ventricular filling.

In Conclusion:

i

1) 38 patients were studied and only one had inadequate waveform.
z) Aortic insﬁfficiency results in increased impedance output,
possiblyhin proportion to tﬁa severity of the insufficiency.

3) Mitral insufficiemcy, in moderate or severe degreég, gives

T e st
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a falsely low impedance output by the impedance technique. i

4) In other individuals impedance output seems to be relatively f
similar to dye dilution cutput. %

§) An index is proposed for evaluation of left ventricular function.
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TABLE 2

Non-Invasive Teechniques for LV Contractility

Weissler.Index: PEP (Pre;éjection Period)
PEP=(Q-82)-LVET (Left Ventricular ej=ction Time)
Normal PEP: .09~.12 at rate of 70/min

Aranow's Index: LVET

EIVCT (External IsovolumicContraction Tlme)
(81-82) - LVET

-
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1
DYE DILUTION L/MIN
Figure 1: CARDIAC OUTPUTS, ALL PATIENTS
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IMPEDANCE

' CARDIAC OUTPUT '
Dye Dilution

Mitral Stenosis Mitral Insufficiency

Combined Stenosis + Insufficiency
Figure 3: Mitral Valve Disease




g e RS | | |
B st f"-: 1 ,. .’.‘fﬁ‘;l',’ff’*%’?;’:'{ . f{.’*.’“.luﬂ:m.!:ﬁv‘tﬂr"- e e o . ) N ) ‘ - ) N . . .

- ~256-

ks
R

. DI S ool W S SRR S e 1 e s R,

IMPEDANCE

S i el e s PR B S L

st

2 — - Z ) — . -

DYE DILUTION

f':'.gur'e 4: Patients without Valvular Insufficiency



. ’ A
. e TR SR S
P J . & Sk 1

= b £ 9
N vt | ¥ty -
z
R
o -
iy
- TR P} Y S
i re %Nn c:
RREvY SABES N
. f it
I i
; 15317t
3
al T o
: 33TE
= v
N i
¢ i AR
* -l El i
“ "
K : .
5 b b
w { 4
T
213
b1 .m v T
SNERFRRERY " k
REEY REATY ED EPRNEE
LIiil} [E3 11
yERL Y . A3+
T ;
Faxabius
« - ind: g 3 2
,. T 33 1+ v
* -
: Iy ¥ T H
H e
3 N ey
L e AT TR Mt e e L2
h Py Dt B b gt A [————— {433 rerTer o,
1T
= U Y 2 Yl T p E3UN V&Y
piaddzorlisckifbonlal ldnd e : 4144
: i T ERRLAEY [ERTITES T _.ﬁ. s e ey A
n SRY]! OULRONERERNM JEn) ERRN ¢ ,
* o e vitdvas bl o .
3 i e e p n
b e cnank : -
‘.‘ * 1 4 v Fonet -4 B
W, . -l F - »
», 1 g 4- x » -
s LS 1 1 4 5 s ru
L 1 rmY —y Ry Ry A e s s H 4 g e 1 }
o n i e - & i h A ] < RRLIE D - - bl b s it d h
E ‘ s i
2 3
[] 't 3 y . rt re e ry -
E T ¥ b + % w3
H T = L4 - - LTS R e et =
. 3 - 2
hd )
- 1 e
hed . + wd g e iy et - uﬂu y
i + - e ¥ 4 * 1
ki e 1 ¥ ox PPy " n 5
< r 1 et .kti wag ol W3 *ru .
> - . ; ufm‘ 4 : 2 3
i, H i LAy + i b A ’ 1
oA dd PRF Rar i ¥ A hpraiadd i
+ E
) B
b
W




Ly SR A\ -
T A, TR G s A : ’ g
i . AR SR L T PR :w..:_é.‘l,«,,‘,‘ PR\ PR

dz/3t

Q-2

-258-

e - § HS
| oMl
3 *AT
iy __ | AMyoCAR D ¢ OPATHY
. , &AsHD
+ HEART Bhock
g Mige,

12 1

F

-k

o]

"
reweriy

1

SIS

I -~ I 1. v
MYOCARDIAL CONTRACTIUT - ANGTO

Figure 6

TV T R R R LR P DI SO

R L =R EEIE A IR S T

RS, Y

Frsdg, T hpainisyn

R Ny

L Y

e et 3L

RS B T R e e L T



s 4B ] e
RSN

- 5
-259~
Estimate of Cardiac Output with the ;
Impedance Cardiograph ;

During Postural Stress

ok &

-
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James J. Smith, John E. Bush,
V. Thomas Wiedmeier and Felix E. Tristani

From the Department of Physiology
' Marquette School of Medicine
Milwaukee, Wisconsin

Department of Mechanical
Engineering

Marquette University
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Clinical Hemodynamics Laboratory
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Transthoracic impedance has been studied by Nyboerl,
Geddes2 and others and used mainly for measurement of respiratory
ventilation. Recently, serious efforts have been made, par-
ticularly by Kubicek3 and his associates, to adapt electrical
impedance to the investigation of cardiac function. In dogs
fitted with electromagnetic flowmeters, these investigators
found good agreement between aortic flow and impedance-derived
cardiac output; they also noted that the peak first derivative
of the main impedance wave correlated with peak flow in the
ascending aorta and that the second impedance derivative cor-
related with blood acceleration in the aorta.u Other reports
on impedance cardiography have however been conflicting. Harley
and Greenfield5 found impedance measurements of cardiac output
not too satisfactory, especially in certain cardiac disorders,
and Hi116 strongly questioned the basic validify of the imped-
ance method itself on technical grounds. On the other hand,
Coleman7, Siegel and Fabians, Namon and Gollang, and Krohn and
associatesl0 all found impedance cardiography to be useful
technique.,

During an inVestigation in our lab in which a non-invasive
method was particularly advantageous, Dr. Kubicek kindly loaned
us one of his instruments. Our objectives in the preaent.study
were (1) to assess the validity of the transthoracic impedance
method for the meaéurement of cardiac output in the human and
(2) to determine its possible usefulness in studying circulatory
response to poestural and othéf tests.

The investigation was done in two parts; in the first,
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35 cardiac output determinations were done simultaneously with
the dye-dilution and the impedance method during head-up tilt

in 8 normal young male subjects. Indoeyanine green was injected
into an antecubital vein and blood withdrawn from a brachial
artery through a Colson densitometer. The cardiac output cal-
culations were done in the usual manner. In the second series,
the Impedance Cardiograph was used to estimate stroke volume

at frequent intervals during head-up tilt, but without the
accompanying arterial cannulation.

The instrument used, the Minnesota Cardiograph, Model 202,
is a four-electrode impedance system with two circular elec- | "'i
trodes placed around the subject's neck, one around the lower |
thorax and the fourth around the lower abdomen as shown in
figﬁre l. The upper and lower electrodes were excited by 100
KHz constant sinusoidal current and the resultant voltage
(proportional to the magnitude of the impedance change) was mon-
ifbred by the inner two electrodes.

The impedance signal is shown in figure 2. The upper
tracing indicates the change in basic impedance upon heart con-
traction, the middle record is the first derivative of the
impedance signal (dZ/dt) and the lower shows the ECG. 1In the
upper corner is shown the formula, partly empirical, proposed

by Kubicek for the calculation of stroke volume:

r 2
AV = Q-I-'-'—ET g-z-

Av stroke volume
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p = resistivity of the blood, which is assumed to be
about .50 ohm/cm

I. = mean distance (cm) between the inner electrodes
Zo = basic impedance between the two inner electrodes
t = ventricular ejection time (msec)

magnitude of the peak value of the impedance

dz
at

‘max derivative (chm/sec)

Previous studies have shown that the beginning downsweep
of the primary wave and its derivative appear to be synchronous
with the beginning of ventricular ejection and the maximum de-~
flection of the followup wave is synchronous with closing of
the aortic valve, Thus the pebiod between these two is the
left ventricular ejection period (T) and the (R-Z) interval
from R to the beginning of ejection represents the pre-injection
period. Furthermore, as previously stated, the peak first de-
rivative of the main impedance wave has been said to correlate
with the maximum velocity of aortic blood. These additional
variables--aside from cardiac Output—-provide:useful information.
However, further studies are needed to establish these relation-
ships more precisely, particularly that of blood velocity and
acceleration in the aorta to the impedance measurements.

The impedance stroke Qolumes (calculated according to the
formula) and the dye stroke volumes are plotted in figure 3;
the correlation coefficient (r) was +0.87. As you will note,
the least square line, if extended, would produce a + inter-
cept, i.e., impedance readings tended to be higher than dye

readings. The cardiac output values when plotted gave very
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similar results,

The stroke volume ratios {(Z/dye) were averaged for each
individual and are shown in figure 5; the overall mean ratio
was 1.10, i.e.,, the impedance readings were about 10% higher.
If a correction is made for each individual using the respective
ratio and the two values again plotted, the reéult is an improved
correlation as shown in figure 4, suggesting that the impedance
gtroke volume may better serve as a relative measure of cardiac
output for a given individual than as an absolute measure.

In subsequent experiments, impedance stroke volumes were
estimated sequentially in a group of normal subjects during 70°
head-up tilt and averaged results are shown in figure 6. These
are mean values of cardiovascular determinations made before,
during and after 70° head-up tilt. During tilt, heart rate in-
creases, cardiac output decreases and stroke volume even more;
there is a modest rise in diastolic blood pressure and a
significant rise in peripheral resistance. These results are
similar to those previously reported using other cardiac out-
put methods. | |

A comparison of stroke volume, heart rate and peripheral
resistance data in individual cases was very helpful in de~
lineating physiological mechanisms involved in the response.

In addition, other variables--such as dZ/dt and the ventricular
ﬁbe—ejection and ejection times-- were derived from the imped-
ance records and provided useful informafion. Data of this
type is readily available during cardiac catheterization but
its frequent recording via external electrodes'represénts an

advantage in studies of this'type.
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Summary and Conclusions:

1. 35 simultaneous determinations of cardiac output in
young male adults by the dye and impedance methods yielded a
correlation coefficient of +0.87 between the two methods.
Using Kubicek's formula, the impedance readings averaged about

10% higher than the dye readings.

2. Aside from stroke volume, auxiliary data of hemodynamic

value, such as dZ/dt, the (R-Z) interval and left ventricular
ejection time, may be derived from the impedance record.

3. Our results suggest that the impedance cardiograph
may have considerable potential for research and clinical use
in cardiology. However, further study is needed not only with
regard to its validity as a measure of cardiac output but also
to further determine the basic factors governing the origin of
the bagic impedance waves and their precise relationship. to
key hemodynamic variables, such as velocity and acceleration

of aortic blood.
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The Bioengineering Laboratory at the Air Force Academy is currently
engaged in peripheral cardiovascular research which is jointly sponsored
by NASA and the Air Force. OQOur present efforts are focused on twe aféas}
The development of non-invasive peripheral cardiovascular instrumentation
for use in the space program and the investigation of the physiology of
the peripheral cardiovascular system. In order to study the dynamic
activity of the cardiovascﬁlar system and to evaluate the fidelity with
which prototype instrumentation developed im our laboratory responds to
these changes, we are making extensive use of both orthestasis an& lower
body negative pressure (LBNP) stresses to produce controlled cardiovascular
changes.

Historicaily, orthostasis has represented a major cardiovascular stress
test for both clinical and experimental evaluations, Thus, thgre is now
available in the literature a large body of data which documents the
cardiovascular effects of orthostasis.,

As an end point criterion for cardiovascular evaluation LBNP offers
several distinct advantages over tilt table procedures: the rate and
magnitude of physiological changes can be closely controlied by adjusting
. the vacuum applied; the subject and recording apparatus need not be moved,
thus allowing continuity of obser;ations; syncope méy be induced without
the use of vasodilator drugs; the subject remains supine during the entire
experiment thereby eliminating the hydrosta;ic preésure differentials which
occur with orthostasis and the subjecf discémfort frequently associated

with tilt table saddle supports is eliminated.
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As a result of these advantages, an increasing number of papers
reporting the effects of lower bedy megative pressure on the cardiovascular
system have appeared in the literature, and the adoption of this stress
method by'a number of laboratories has ocecurred, The existence of a
variety of cardiovascular data obtained using these two similar but not
previously equated stresses has emphasized the need for a study designed
to compare the effects of lower body negative pressure and tilt on the
cardiovascular system.

As a result of our common interest in both stresses, we have been
confronted witﬁ an immediate need for such a comparative study. We have,
therefore, initiated a series of experiméh;s designed te determine the
negative pressure stress which approximates that produced by tilt for a
variety of cardiovascular pirameters.

In order to avoid the cardiovascular stresses associated with intra-
vascﬁlar instrumentatioh, such as those reported by Green et. al., (1961),
Rushmer (1944) and Stevens (1966), all monitoring in our laboratory is
restricted to the use of non~invasive techniques. This exclusion of
invasive methodology has underlined the need for an indirect method for
the ‘monitering of”eardiae activity which has long been.recegnized by
physicians and human ;ihsrsi.ologits.

The use of impedance techniques to measufe changes in incernal organs
is a relatively recent development. This area was reviewed byVNybber (1959),
A number of investigators have recently applied this metho&:to the study
of both peripheral aud central changes in the cardiovascular system. The

development of the Minnesota Impedance Cardiograph by Kubicek and co-workers
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has now made available a prototype device for the measurement of stroke
volume. The availability of a standard instrument and method for evaluation
in various labeoratories should help to reduce the variability of results
frequently ;eported and ga focus attention on the repeatability, accuracy
and reliability of the methoed and deviceé rather than the differences in
instrumentation and technique which oceur from laberatory to laboratory.

Bush et, al.u(1968) have reported the results of experiments in which
both the Minnesota Impedance Cardiograph and dye-dilution methods were used
to measure stroke velume and ecardiac cutput changes in normal subjects
during orthostatic stress, These workers found relatively high correlation
between the two methods, correlations semewhat better than those reported
by Harley and Greenfield (1968). Bush et. al. felt that this result could be
explained in part by the fact that outputs measured in their study were all
normal or belew normal values produced by tilt, whereas those obtained by
Harley and Greenfield were in the nmormal to abtove mormal range produced
by isoproterenol infusion,

The data presented in this paper document stroke volume, cardiac output
and heart rate changes measured using the Minmesota Impedance Cardiegraph
during tilt table and lower body nmegative pressure comparison studies presently

being carried out in our laboratory.

Materials qnd Methpds

All experiments reported in this paper were carried out using an inte-
grated tilt table-lower body negative pressure chamber developed in our
laboratory. The negative pressure chamber is connected to & heavy-duty

vacuum cleaner which provides sufficient vacuum to allow negative pressures
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freﬁfo - 75 mm Hg to be achieved within the chamber., Subjects are sealed
;ﬁ/the chamber at the level of the iliac crests by an inflatable waist
;/;eal.

The tilt table provides a 70° upright tilt with the subject supported
by a specially constructed saddle.

The six velunteer subjects utilized in these experiments were all
Air Force officers and members of the faculty of the Air Force Academy.
They ranged in age from 24 to 36 with an average age of 30. All were
certified to be in good hLealth by an Air Force medical officer prior to
each experiment, The subjects were acquainted with the LBNP and tilt
table stresses and with the monitoring instrumentation during several
preliminary ex@eriments; Each subject followed a rigid protocol for
24 hours prior to his participation in an experiment. This pretocol
included abstinence from alcohelic beverages for 24 heours and from
sexual intercourse, smoking, bathing, coffee and/or tea and undue physical
exercise on the morniné of an experiment., Breakfast was restricted to the
drinking of one can of a nutrient beverage such as Metracal or Nutrient
at 0700 hours.

All experiments were performed between 0800 and 1000 hours., The
following parameters weré recorded during each experiment:

Blood Pressure: Blood pressure readings were obtained using an

automatically inflated brachial cuff on a one minute cycle. Korotkoff
sounds were detected with a Spacelabs crystal microphone placed over the
brachial artery.

ECG: Electrocardiograms were recorded from twe sets of leads, one

from a pair of axillary disc electrodes and the other from a similar pair
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located over the xiphisternum and vertebral columm,

Heart Sounds: Heart sounds were recorded using a Spacelabs crystal

microphone placed over the third or fourth intercostal space just lateral
to the sternum, All the above signals were processed by standard NASA
biemedical signal conditioners similar to theose used in the Gemini and
Apollo programs.

Right and Left Leg Volumes: "Right and left leg volumes were recorded

using mercury-in-silastic strain gauges.

$trqgg:V91gme, Heart Rate_andVCardiqc Qutput: The first derivative
waveform was recorded at one minute intervals from a standard tetrapeolar
lead system using mylar strip electrodes supplied by the 3M Company. The
first derivative output f£rom the Minmesota Impedance Cardiegraph and heart
sound signals from the NASA signal conditioners were fed te a two channel
Sanborn 302 recorder and recorded at a paper speed of 100 mm/second. Stroke
volume, heart rate and cardiac output were calculated froﬁ these signais,
All recordings were made during periods of apnea at one minute intervals,

Stroke volumes were calculated using the formula suggested by Kubicek
(1967) for use with the derivative waveform,

The three experimental protocols utilized in this study are shown in
Figure 1, All experiments covered a total of one hour and were designed
to expose subjects to a sequence of ten minutes rest, ten minutes stress,
fifteen minutes rest, ten minutes stress and final fifteen minute rest
period. The initial low stress series of experiments was undertaken as a
pilot study to evaluate cardiovascular responses to low levels of negative

pressure followed by tilt. The results of thése experiments indicated that
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the 20-3C step profile was generally less stressful than the ten minute
tilt. The second experimental series (high stress) which utilized a

40-50 mm Hg negative pressure step profile was then initiated. This

series included profiles in which the order of stress was reversed for

each subject., That is, each subject was exposed at least once to a profile
iﬁ which the 40-50 mm Hg negative pressure profile preceded tilt and omne

in which the tilt stress preceded vacuum. Thus, all subjects were exposed

at least once to each of the three experimental profiles.

Results

Our initial objective was to determine if the Impedance Cardiograph
did, in fact, produce repeatable results during the test profiles used
in our labecratory. Therefore, we first evaluated the repeatability of
results obtained from our subjects during recumbent rest in the tilt
table-lower body negative pressure chamber. These data were obtained
during several éeésions spanning a two to three month period. TFigure 2
is a2 plot of the results 6btained during these experiments, 1In all cases,
the means for the six subjects fall within reasonable values, and standard
deviations were relatively small,

The feﬁeatability of results obtained during dynamic testing is
demonstrated in Figure 3 for the 20-30 mm Hg negative pressure stress and
Figure 4 for the 40-50 mm Hg negative pressure stress. In each of these
experiments a subject was exposed on three occa;ions te the same stress
prefile. Means and standard deviations were then calculated for each stress
period from the data for the three experiments, The consistently small
standard deviations obtained during test and stress support the conclusion

that the results during stress were as repeatable as those obtained during
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rest,
Minute to minute average relative percent changes in stroke volume
and cardiac output for the six subjects are plotted in Figure 5,

Normalized percent changes for each subjeect were caleculated as follows:

Normalized 7 change = v
—_— X 100 where:

V; = absolute value for the minute being calculated

Vaye = @average value for the first ten minutes of
recumbent rest

While data such as those presen”ed in Figures 3, 4 and 5 suggest certain
relationships between the stresses utilized and their cardiovascular
effects, we wanted to ebtain a method which would yield more precise
comparisons between the various cardiovascular responses recorded. We,
therefore, used the Wilcoxan rank order test to evaluate each subject's
stroke volume, heart rate and cardiac output responses under the following
conditions:

1. Responses to 40 mm Hg vacuum versus responses to the imitial
5 minutes of tilt, Comparisons were made for profiles in which vacuum
was the initial stress and those in which tilt was the inmnitial stress.

2. Responses during =40 mm Hg vacuum were then comparéd to the
responses during the =50 mm Hg vacuum phase of the same stress, If no
significant diffeirence was found, the data for the entire vacuum period
were pooled and compared to those occurring during the 10 minute tilt

period of the same experiment, 1If there was a significant difference

between the -40 and ~-50 mm Hg vacuum responses, the data obtainedjduring
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the -50 um Hg vacuum phase were compared to the data obtained during
the last five minutes of tilt. Vacuum responses treated in this way are
referred to as'"pooled data."

3. To evaluate the effect of LBNP and tilt, irrespective of the
order in which the stress was applied during a run, each subject's
responses to -40 mm Hg vacuum and to the first five minutes of tilt were
grouped and evaluated without regard to the order of stress. The same
procedure was then utilized to compare the "pooled" vacuum responses to
the pooled tilt respenses.

4, The effect of the initial stress on responses during the second
stress period of an experiment was then investigated as follows: pooled
responses during initial vacuum periods were compared to those during
vacuum periods preceded by tilt and responses during initial tilt periods
were compared to those during tilt stresses preceded by vacuum,

Tests yielding probabilities of less than five percent weré accepted
as being significantly different.

The results of these tests were then compiled in tables of the type
illustrated in Table 1. This table summarizes results for six subjects
for stroke volume, cardiac output and heart rate when vacuum responses
were compared against tilt responses. Individual subject's responses
were scored as: V: when the vacuum response was significantly greater
than the tilt response, T: when the tilt response was significantly greater
than the vacuum response and (~): when there was ne significant difference
between the two responses. The overall responses of all subjects were
then summarized by calculations similar to those illustrated at the

bottom of Table 1. 1iIn these calculations the number of times that one



-276~

stress was significantly greater than the other was divided by the
total number of analyses fér the three parameters to yield values
reflecting the overall response of the six subjects,

The results of these analyses are shown in Figures G, 7 2nd 8. 1In
Figure 6, subject responses are outlined for comparisons between vacuum
and tilt during the same protocol, These indicate that the five minute
tilt stress produced significantly greater subject responses more fre-
quently than the five minute =40 mm Hg pressure stress. However, when
the 40-50 mm Hg negative pressure data were pooled and compared against
the pooled tilt data, the vacuum stress was most frequently the greater
stress. These rasults also suggest that responses during the second gtress
period may be influenced by the first stress.

In ordér to correct for this interaction, each subject's responses
to vacuum and tilt were pooled and compared irrespective of the order of
stress as noted above. Results of this analysis are revealed in Figure 7.
When the response data for 40 mm Hg negative pressure were compared to the
first five minutes of tilt, tilt was still found to most frequently
represent the greater stress. The analysis of the pooled data yielded
similar results showing that the entire vacuum period or the last five
minutes of vacuum represented a greater stress than did tilt,

In order to elucidate the effect of the first stress period on the
responses occurring during the second stress, vacuum responses when
vacuum was the first stress were compared with those when vacuum was

the second stress (Figure 8). There were no clear cut differences between
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responses during the first and second vacuum periods. However, responses
during the second tilt period were frequently greater than those recorded
during the first tilt period.

The overall responses for all subjects for the three profiles
completed are summarized for stroke volume and heart rate in Figures 9
and 10, Data plotted in Figure 9 indicate that stroke volume responses
to the 40-50 mm Hg vacuum profiles were greater than thosc to the 20-30
mm Hg vacuum profile. Heart rate responses during tilt, however, were
greater when preceded by the 40-50 mm Hg vacuum than when tilt was the
first stress. A similar pattern of responses for heart rate is indicated
in Figzure 10. However, these data also indicate that the cardiovascular
responses to 40-50 mm Hg negative pressure are increased when the stress

is preceded by tilt,.

Disgugsign

As is indicated by Figures 2, 3 and 4, the repeatability of data
obtained from our subjects during recumbent rest and during stress was
reasonably good., Standard deviations remained small and consistent during
stresses indicating that the response of the instrument is not capricious
during stress tests which reduce stroke volume in normal subjects, Minute
by minute plots of average stroke volume and cardiac output (Figure 5) for
all subjects again support the repeatability of results obtained during
rest and stress.conditions.:

in addition, overshoots zppear in both stroke velume and cardiac

10
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output following termimation of stress. This result agrees with observa-
tions made by Brown and co-workers (1966) who described overshoots in
forearm blood flow, systolic and diastolic blood pressure and undershecots
in heart rate in subjects following release of vacuum. The magnitude of
the overshoot and the time of maximum chaﬁge varied considerably from
subject to subject in our experiments as is illustrated by the large
standard deviations following release of stress. Some subject variability
no doubt contributed to this phenomenon.

When the six subjects' stroke volume, heart rate and cardiac output
responses to tilt and vacuum were compared, it was shownm that there was
a significant difference between responses to the two stresses, irrespective
of order. The initial five minute tilt stress represented a greater stress
than the five minute 40 mm Hg negative pressure period in 367% of the
responses whereas vacuum was the greater stress in only 6% vf the deter-
minations. In contrast, when the pooled respomnses to the 40;50 vacuﬁm
profile were compared éo the tilt responses, again irrespective of order,
vacuum was found to represent the greater stress in 507 of the comparisons
whereas tilt was the greater stress in only 87 of the comparisens. In
addition, in 587 of the 40 mm Hg vacuum versus tilt comparisons there were
no significant differences, whereas there were no significant differences
in only 42% of the comparisons of the 40;50 mm Hg vacuum versus tilt
responses. These observations all support the conclusion that the vacuum
stress which most closely approximates tilt for the parameters measured
lies between 40 and 50 mm Hg negatiycupreséure and since the smallest

number of significant differences occurred for the 40 mm Hg negative
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pressure stress vs tilt that the equivalency point lies closer to 40
than to 50 mm Hg negative pressure for stroke volume, heart rate and
cardiac output.

As noted above, the data presented in Figures 9 ard 10 suggest that
the initial stress in a test profile may influence cardiovascular responses
during the second stress, For example, for the pooled 40-50 mm Hg vacuum
versus tilt comparisons, vacuum was the greater stress for 397 of the
comparisons when vacuum was the first stress but 61% of the time when
vacuum was second. Conversely, tilt was the greater stress in 167 of the
comparisons when vacuum was first but never when vacuum was second. The
conclusion that the initial stress in a profile may influenc> cardiovas-
cular responses during the second stress is further supported by the
comparisons shown in Figure 8. In this analysis, poeled respenses during
the initial vacuuin stresses were cempared with those when. vacuum was the
éecond'stress. In 28% of the analyses, the initial vacuum stress was
greater than the second stress, while in 22% of thé comparisons the
responses during the second vacuum were greater, suggesting that the
tilt stress prior to the 40-50 mm Hg vacuum stress had little or no effect.
waever, the analysis of responses during the first and second tilt stresses
shows that in 11% of the comparisons, responses during the first stress
ﬁere greater thap ttiose measured during the second stress, but im 44% of
the comparisons cardiovascular responses during the second period were
greater than those during the first, These data support the conclusion
that tilt prior to vacuum has little or no effect on cardiovascular

responses during the vacuum stress, but that the 40-50 mm Hg vacuum stress
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prior to tilt does increatie the cardiovascular responses observed during
the tilt period.

This result may be due to the fact that the 40-50 vacuum profile
presents a greater cardiovascular stress than does tilt, Now if the
stability of the cardiovascular system is perturbed more severely by the
vacuum profile, it may require a period of time for recovery which is
longer than the fifteen minute rest period between the stresses. Since
the tilt stress produces cardiovascular changes smaller than those
produceZ by vacuum, the residual effects of the initial vacuum could
then be detected during the following tilt period as increased cardiovas-
cular responses.

The mean stroke volume and the heart rate responses for all subjects
for each of these stresses which are plotted in Figures 9 and 10 also
emphasize this effect, .For both stroke volume and heart rate, tilt
. respornises are greater when preceded bf vacuum, However, stroke volume
changes: . during vacuum preceded by tilt were less than when vacuum was
the initial stress. The reason for this is not-entireiy clear. However,
it may be that all parameters do not respoend identically to vacuum and
tilt stresses and that this observation is simply a reflection of this
fact, e i

In general, the changes in stroke vulume, heart rate-2nd cardiég
output obtained in our experiments during tilt stresses agree closely
with those repprted by Bush et. al. (1968) both in terms of the magnitude
of the changes which occurred during stgesses and the time course of
events during the experiments. Duriag éiiﬁ;rthe_subjects showed a mean

decrease in stroke volume of appfoximately 40% as compared to 38% in our
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subjects for experiments in which tilt was the initial stress, Bush

et, al. also reported overshoots in stroke volume and:cardiac output for
some subjects, although this effect is not reflected iﬁ their mean minute
to minute plots for all subjects, This discrepancy may be explained by
slight differences in,mﬁthoddlogy between their experiments and ours,

In our experiments, all parameters were sampled each minute-whereés
determinations were made at 3 to 4 minute intervals in their experiments,
Thus, they may have failed on occasion to detect overshoots which occurred

between recordings.

Conclusions

We feel that the Minnesota Impedaﬁce Cardiograph, Model 202, is a
useful tool for the evaluation of cardiac activity during stresses
| producing reductions in stroke volume and cardiac output., While it is
clear that much work remains to ke done in the areas of calibration and
the elucidation of the physiologiealFChanges'underlying the reccrded
impedance chgnéés, the non-invasive nature of this technique makes it
extremely attractive for both clinical and experimental use,

Bush, et. al. (1968) reported no adverse subject reactions to the
3M electrode tape. However, one of ocur subjects experienced some skin
irritation following reméﬁél of the electrodes.

The repeatability.of.our results obtained when subjects were exposed
on several occasions to the same profile was satisfactory, indicating the
usefulness of the device in experiments designed to provide replicate data.

One of the méjor drawbacks inherent';ﬁ the method is: the requirement
that the subject hold his breath during recordings, Wé have observed

that heart rates may change rapidly in some subjects on the initiation of
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breath holding. Clearly, this phenomenon would effect both stioke volume
and cardiaec output. In addition, breath holding would be impossible in

an unconscious or heavily exercising individual.

Summary

(? 1. The Minnesota Impedance Cardiograph, Model 202, was used to

measure stroke velume, heart rate amd cardiac outpiit changes in six
normal subjects during tests designed to compare the cardiovascular
effects of -20, =30, =40 and ~50 mm Eg lower body negative pressure‘with
those produced by 70° upright tilt,

2. Repeatable stroke velume results were obtainmed from all subjects
during recumbent rest and stress.

3. For the three parameters measured tilt was foumd to represent a

greater stress than =20, -30 or <40 mm Hg pressure. =50 mm Hg or a combined

<40,-50 mm Hg profile was found to represent a greater stress than tilt.
It was concluded, therefore, that the equivalency point for negative
préSSure versus tilt lies somewhere between -40 and -50 mm Hg pressure.
4, When a tilt stress was preceded during the same experiment by a
negative pressure stress, the responses were greater than those obtained

when tilt was the jinitial stress._J
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Comparison of responses to the 40-50 mm Hg vacuum stress when vacuum was the initial stress and when
vacuum was preceded by tilt (upper comparisen) and to tilt when tilt was the initial stress vs tilt
when tilt was preceded by vacuum {(lower comparison). (Hatched and/or stippled areas indicate perieds

during which comparisons were made.)
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1
Observations:
| Vac First: Vac >Tilt 1 v 100 = 387 Vac
= Total is x 100 = 387 Vac>
Tilt First: Vac > Tilt 11 | 400 - G4A%7 \
et Total Ts’_" Jmo__ 647 Vac>
TABLE 1

Sample comparison of six sﬁbjlects stroke velume, cardiac output and heart rate responses te vacuum and
tilt when vacuum was the initial stress amd when tilt was the initial stress. Sample ealculation shown
at bottom of table.
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Juny, W. V., F. M. LancLEy, K. I, McCowen, D. M. STin-
wETT, L. E, BAker and P. C. Jounson. Comparaiive evaluation
of the thoracic impedance and isclope dilution methods for mea-
suring cardiac output. Aerospace Med. 40(5) :552-5336. 1969,

Vialues of cardiac output determined simultaneously in 17 nor-
ma) adult male humap subjects by means of thoracic impedance
changes and radioisotope dilution are compared. The absolute
values of cardiac output determined by the impedance technique
were 1,31 times higher than those measured by radioisotope with
the subjects at rest and after moderate exercise. Even though the
ahsolute values 2s found by the two methaods were net the same,
the changes in magnitude were compara’ble._J :

FI'HE FIRST GRAPHIC RECORDS of thoracic im-
pedance changes associated with cardiac activity
in the human appear to have been made by Atzler and
Lehmann.! Their technique required placing the therax
of the subject between two fixed plates of a capacitor
for which the thorax constituted the major portion of
the dielectric. Using the capaciter as part of the tuned
circuit of an oscillator (150 MHz), cardiac activity
during periods of breathholding was sufficient to change
the effective dielectric and, hence, the resonant fre-
quency of the oscillator. These changes in frequency
were detected, amplified and recorded with a string
galvanometer or oscillograph. The records frein subjects
with healthy hearts were compared to those from sub-
jects with diseased hearts, but no assessments of cardiac
output were made.
Nybeer, et al.” reported records of impedance changes
accompanying cardiac activity from which values of

Supported in part by USPH Grant HE 5125, National Heart

Institute, National Imstitutes of Health, Bethesda, Maryland.

Present address of W, V. Judy is: Dept. of Physiology and
Biophysics, University of West Virginia Medical School, Mor-
gantown, West Virginin 26508,

Dr. F. M. Langley, K. D. McCowen, D, M. Stinnett, and
L. E, Baker are in the Dept. of Physiology, Baylor University
College of Medicine, Houston, Texas 77025,

Dr. P. C. Johnson is in the Dept. of Medicine, Baylor Univer-
sity College of Medicine, Houston, Texas 77025,

cardiac output were caleulated. The formula nsed to
compute these values was not given at the time. but
was later published.®

Whitehern and Perl® improved on the techni.jue of
Atzler and Lehmann by using electronic techniques for
the detection of frequency modulated signals which had
appeared during the intervening years. These investi-
gators calibrated their instrument by introducing known
volumes of saline between the plates. On the hacis of
this calibration, calculated values of stroke wvnlume,
cardiac output, and cardiac indices fell within the range

of normal values, but no conclusions were reached as

to the validity of the method,
Kubicek, et al.»* have postulated that the maximum
rate of decrease in transthoracic impedance occurring

. during systole is related to ventricular stroke volume,

and they have shown a reasonable comparative relation-
ship between cardiac output as calculated from the
impedance cardiogram, and values determined by Fick
and indicator dilution techniques. More recently, how-
ever, Harley and Greenfield,? using dye dilution, have
found a less favorable comparison in normal subjects
and a poor comparison in clinical patients. This present
report is a further evaluation of the impedance plethys-

mographie technique in which cardiac output values

obtained by Kubicek’s method are compared with values
measured simultaneously using radioisotope dilution.

METHODS

Simultaneous isotope dilution and transthoracic im-
pedance cardiac output wave-forms were recorded from
17 normal subjects in the supine position before and
after exercise. The isotope dilution data constituted
the standard to which the thoracic impedance data were
compared.

The isotope, in the form of radieiodinated-human
serum albumin (I'*'}, was injected into the median
cubital vein via intravenous suline flow, The passage
of the radicisotope through the heart was recorded by
placing a scintillator crystal (Packard, Model 1212-51)

Reprintgd from Aerospace Medicine, Vol. 40, No. 5, May 1989
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over the left ventricle. Graphic display of the isotope
dilution curves were obtained with a pulse height an-
alvzer !Technical Measurements Corp., Model 404C)
and an X-Y plotting system (Moseley Model 7590-4).
Isotope dilution cardiac output was calculated by the
method described by Veall? Transthoracic impedance
data were obtained using four aluminized Mylar tape
electrodes described by Kubicek, et al* and the Im-
pedance Cardiograph (Meodel 202) developed by the
University of Minnesota. These data and the ECG were
recorded using a Visicorder (Honeywell Model 1508)
driven by direct coupled amplifiers (E & M Instrument
Co., Mark VI).

Two tape electrodes were placed around the neck
three or more centimeters apart. A third electrode was
placed around the thora.. at the level of the xiphoid
process, and the fourth electrode ten centimeters caudal
to the third. A constant current (8 milliamperes, 100
KHz) was applied to the outer two electrodes, and the
potential changes during the cardiac cycle which reflect
transthoracic impedance changes were measured be-
tween the two inner electrodes. Impedance data were
taken over 5 to 7 heart beats while the subject was
relaxed in end-expiratory apnea. Data from both isotope
dilution and thoracic impedance were collected simul-
taneously during control cenditions (supine and re-
laxed ), and immediately after moderate exercise .in the
supine position which produced changes in heart rate
from 3 to 30 percent. The values for cardiac output
by impedance were calculated from the impedance data
obtained during the time interval between the entrance
of the isotope into the right side of the heart and the
early ejection of the isotope from the left ventricle.

The maximum decrease in impedance change for each
cardiac ¢ycle measured was determined from the first
derivative (dZ/dt) of the impedance waveform as
shown in Figure 1. Stroke volume was computed by
using the formula given by Kubicek, et al.®

AV = p (L¥/Z.*) (dZ/dt)m t.

In this expression AV represents the stroke volume in
em?; L is the mean distance between the inner pair
of electrodes in em; Z, is the basal thoracic impedance
{in ohms) measured between the inner two electrodes;
dZ/dt is the time rate of change of impedance during
the cardiac cycle measured in ohms/sec, and (dZ/dt)n,
is the value at the negative peak; ¢ is the resistivity of
blood at 100 KHz; and t is the ventricular ejection time
in seconds. Ventricular ejection time was taken as the
interval between 15 percent of the negative peak of
the dZ/dt waveforin and the most positive peak as
shown in Figure 1. The use of the 0.15 (dZ/dt} point
to establish the heginning of the time interval was
chosen by Kubicek,* “To eliminate from the ejection
time determination the slow decrease in impedance that
occurs with some individuals at the start of systole.”
The resistivity of blood at 100 KHz used in calculating
AV was determined by measuring the subject’s hemato-
crit, then reading the corresponding resistivity from a
~ hematocrit-resistivity curve. Cardiac output per minute

was obtained by multiplying mean stroke volumec by
minute heart rate. ‘

RESULTS AND DISCUSSION

Transthoeaele Impedance waveforms typical for the
majority of £+ subjects are shown in Figure 1. Simul-
tanecus m¢  ements of transthoracic impedance and
isotepc ~  uewn eardiac output before and after mod-
erate exw.zise (termed passive and active respectively)
in 17 subjeets provided a comparison of the two methods
in estimating resting cardiac output and a change in
cardiac output. Complete impedance output data were
obtaincd from all 17 subjects; however, because of
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Fig. 1. Simultanecus records of ECG, (AZ) the thoracic
impedance change during the cardiac cycle, and (dZ/dt) the
derivative of the (AZ) waveform.
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technical difficulties the dilution data were not complete,
The collected data, subject characteristics, impedance
and dilution cardiac output, heart rate, and blood re-
sistivity are shown in Table 1.

As measured from the transthoracic impedance wave-
forms, the mean passive cardiac output (before exer-
cise) for the 17 subjects was 9.92 liters/min and 11.47
liters/min after moderate exércise. The mean passive
cardiac output for 15 subjects as measured by the iso-
tope dilution method was 7.65 liters/min and the mean
active cardiac output (after exercise) for 13 subjects
was 9.39 liters/min. The change from passive to active
states was 1.55 liters/min (15.6 percent) for the im-
pedance method and 1,74 liters/min (22.7 percent) for
the isotope dilution method,

The ratio of transthoracic impedance to isotope dilu-
tioni cardiac output was 1.32 during passive conditions
and 1.30 following exercise, These differences are not
significant.

A comparisen of passive and active impedance cardiac
output values with isotope dilution (for 28 paired
values) is shown in Figure 2. The mean of all passive
and active cardiac output values was 11.38 =+ S.D. 2.90
liters per minute calculated by the impedance method
and 876 = S.D. 2.13 liters per minute measured by
isotope dilution. The correlation coefficient beiween the
two sets of values was r = 0.58. '

These data, comparing the transthoracic impedance
and isctope dilution cardiac output, support the hy-
pothesis that transthoracic electrical impedance changes
during the cardiac cycle are indeed related in some way
to cardiac function. Although the correlation (r) he-
tween the transthoracic impedance and isotope dilution
values was 0.58, the magnitude of changes (15.6 aad
22.7 percent respectively) from passive to active wers:
comparable. In a similar study by Harley and Green-
field,* comparing the indicator dye-dilution with the
transthoracic impedance methed, a correlation coeffi-
cient of 0.68 was found for 26 paired values. The ratios
cf mean impedance cardiae output values to mean iso-
tope dilution values in this present study compare favor-
ably with those reported by Harley and Greenfiild.
These investigators determined ratios of 1.34 during con-
trol and 1.26 after isoproterenol infusion, whereas in the
present study a ratio of 1,32 during rest and a ratio of
1.30 after exercise were found. Although the ratios re-
ported in both studies are comparable for the different
methou., the correlation coefficients do differ slightly.

- There are at least two possible reasons for this differ-
ence in correlation coefficients, however slight. First,
Harley and Greenfield determined the maximum slope
of the AZ waveform visually rather than electronically
as was done in this present study. Secondly, Harley and
Greenfield used the fixed value of 150 ohm-cms as the

TABLE 1. THORACIC IMPEDANCE AND ISOTOPE (I'®) DILUTION CARDIAC OUTPUT

{Liters/min)
Subject Age Kt Wt. P' Condition Impedance C.0. Dilution C.O. Heart Rate

1 30 69~ 175 167 Passive 9.31 7.20 70
Active el .. 94

2 26 72 188 156 Passive 7.49 8.20 71
Active 8.48 9.90 88

3 2 73" 185 159 Passive 9.86 7.40 59
Active 1260 . a0

4 21 747 195 167 Pazsive 15,50 9.44) 74
: Active 16.50 10.20 BS

5 20 s 162 152 Pagsive 10,75 8.50 63
Active 12.30 10.60 |
[ i 76" 150 156 Passive 6.74 e LT
Active 9.55 8.90 78

7 23 73 170 159 Passive 7.76 5.40 42
Active 12.71 8.50 56

8 23 73 157 146 Passive 11.98 10.30 85
Active 14,68 11.40 109

9 22 750 210 149 Passive 12.80 7.60 72
Active 15.61 9.20 54

10 23 67" 135 140 Passive 10.39 5.10 448
Active 10:61 6.00 52

i1 L 72 160 152 Pastive 9.89 .90 68
Active 12.23 8.30 82

12 3 7 178 163 Passive s 46
Active 15.66 13.40 2

13 23 724 167 140 Passive 10,67 8.70 62
: Active 11.18 11.20 78

14 22 734 178 152 Passive e 6.00 49
Active 17.03 10.80 n

15 22 2 160 159 Passive 1.76 6.80 61
Active 12.06 12,20 83

16 2 69" 150 152 Passive 6.7 7.50 50
Active a4 00 ... 70

17 2 720 170 146 Passive 7.81 6.80 72

Passive 6.35

........ 35

*p = Resistivity of blood at 100 KHa,
534  Aerospace Medicine « May, 1969
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Fig. 3. Comparison of values of cardiac output determined
by thoracic impedance changes and radioisotope dilution before
and after exercise in the supine position.

resistivity of blood whereas in this present study the
resistivity of the blood of each subject was determined
from a functional relationship between the resistivity
and the hematocrit. The resistivities of the blood
samples ranged from 140 to 167 ohms with a mean
value of 154 ohms. _

Figure 3 shows a comparison of the values for cardiac
output determined simultaneously by radioisotope dilu-
tion and thoracic impedance methods, before and after
exercise, for the eleven subjects for which complete
data were obtained as iadicated in Table I. In each
case, the impedance method showed an increase in
cardiac output after exercise; however, the dilution
method showed a decrease in cardiac output for one
subject after exercise. The equal value line represents
the ideal relationship: which would be obtained if, when
employed simultaneously, the two metheds always indi-
cated the saine value of cardiac output. It is apparent
that in almost all cases, the values of zardiac output
determined by the impedance method exceed those
found by isotope dilution. In the several instances for
which the slopes of the lines approximate the slope of
the equal value ling, it is to be expected that the magni-
tude of the change in cardiac output, as found by both
methods, would be essentially the same even though
the absolute values were different.

As an additional study, the changes in cardiac out-
put, stroke volume, and heart rate from the resting
level (supine position} were determined by the im-
pedance method alene for each of the following situa-
tions: (1) during moderate exercise, (2) immediately
after moving from supine to sitting position, and {3)
immediately after moving from supine to standing posi-
tion. For each of the 17 subjects, the changes were

D CARDIAC OUTPUT
STROKE VOLUME

%9 HEART RATE

PERCENT INCREASE
8

PERCENT DECREASE

SUPINE

EXERCISE SITTING I smuomsj

Fig: 4. Changes in cardiac output, stroke volume, and heart
rate in response to exercise and body positional changes as cal-
culated by the thoracic jmpedance method. The values shown
represent the average of percentage changes from rest in the
supine position for ali 17 subjects.

expressed as a percent and all percentages averaged to
arrive at the values shown in Figure 4, Cardiac output
and heart rate increased during exercise (25 and 33
percent respectively), whereas stroke volume changed
only slightly ( +2 percent). Upon assuming the sitting
position, both cardiac output and stroke velume de-
creased (9 and 14 percent, respectively ), and heart rate
increased 16 percent, Upon standing, cardiac output
and stroke volume decreased (12 and 31 petcent respec-
tively), and heart rate increased (32 percent). Con-
sidering the simple averaging technique employed and
the variation in physical conditioning among the sub-
jects, these values are reasonable for the physical ma-
neuvers described.

CONCLUSIONS

Use of the impedance plethysmographic technique
is. simple, and does not require penetration of the skin
or the introduction of indicater materials into the cardio-
vascular system. .

The absolute values of cardiac output calculated fror
the impedance data for the subject at rest and after
exercise were approximately 1.31 times greater than-
those determined by radioisotope dilution,

While the absolute values of cardiac output as deter-
mined by the two methods were not the same, for most
of the subjects the magnitudes of the changes in cardiac
output were comparable.
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COMPARAT IVE EVALUATION OF THE THORACIC IMPEDANCE

AND ELECTROMAGNETIC FLOW PROBE METHOD FOR MEASURING CARDIAC QUTPUT
by
William V. Judy, Frank M. Langley, Karl D. McCowen, and Lee E. Baker

—~— -

INTRODUC T ION: Nwo-1 0 01 9

Transthoracic electrical impedance changes associated with respiratory =r |

cardiac function have been propesed and used by many investigators for the
measurement of flow and volume (1-8). Recently, through the efforts of W. G.
Kubicek and his colleagues, considerable advances have been made in designing

and building a stable system for measuring transthoracic impedance changés
associated with cardiac function (9,10,115. lThey have indicated that when a cai-
stant sinusoidal current is passed across the chest, impedance changes synchron s
with the cardiac cycle, and the first derivative of these impedance changes seer

to be indictive of left ventricular stroke volume or aortic blood flow ($). Goud
correlations between transthoracie.impedance waveform and indicator-dilution
calculated cardiac outputs have been found in dogs énd'satisfactory correlations
have been found in humans by Kubicek et al..(9-ll). Recently, comparison studi--
have been reported using the indicator dilution method in normajl and clinical
patients (12) and the isotope dilution method in normal patients (13). Correlation
coefficients for normal subjects between the two ocutput determining methods were

r = 0,68 for the dye-dilution method and r = 0.58 for the isotopé dilution mathod.
However, a very poor correlation coefficient (r = 0.26) was found for patients

with various cardiac insufficiencies, 5Still other comparisbns of the impedance
calculated cardiac output with standard dilution methods in both normal human
subjects and dogs have supported previously reported work (14=17). All of these
efforts have compared the transthoracic impedance method, a beat-by=beat techniqué}

with indicator dilution methods, which are averaging techniques.
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Perhaps a more realistic or =ccurate assessment of thg_impedance method;s
validity of measuring cardiac output or stroke volume would be to compare it's
calculated value with another beat-by-beat measuring technique. Such comparisons
have been made by Kubicek et al., using electromagnetic flow probes acutely
implanted on the ascending aorta of dogs (11). They reported a much better
eemparison_between these two methods than wfﬁh the dye-dilution method i.n the
same animal. Although good comparisons were found, considerable individual
vayiatioﬁs as to the regression coefficients were observed. These studies
have recently been supported by additional dog studies, again showing good
correlation between stroke velume and cardiac output but:with considerable
individual animal variations (15,18). Other beat-by-beat comparisons have been
reported using the stroke volume anﬁ cardiac output values calculated by the
aortic pressure pulse method (19). These studies alsoc show mean correlations of
aéproximatély T= 0.72 + 0,10,

This report is a continuation of the efforts to assess'the validity ef the
impedance method to accurately measure absolute cardiac output.as compared to
the electromagnetic flowmeter, The purpose of this report is the presentation
of results obtained from simultaneous impedance and electromagnetic Flowmeter

measured cardiac output of anesthetized mongrel dogs.

METHODS AND_MATER IALS:

~ Simultaneous transthoracic impedanc§=(ZCG)'and electromagnetic flow probe
'(EMFP)Vwaveforms were recorded andl;;rdEac output detérmfned in 1] mongrel dogs
(6=17 kg). The EMFP cardiac output‘valuas constjtuted the standard to which
the output values calcuiated frém the ZCG waveforﬁ was compared,
| :Eéch dog was aneSthetiZed with an intravenous injection'of pentobarbital
(30 mg/kg). The trachea was intubated with an intratracheal tuBe. Néces;ary“
body surfaees‘&ére tri%ﬁed.of.hair and these surfacesﬁcleaned of body oils with
ethyl efher. This method was used to achieve optimal iwpédance (dry) clectrode

a
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skin surface interface. Mid-sternal tho;acotomy was performed during
which time the lungs were ventilated with an E, & M. Instrument Co. Mark IV
Respirator. All dogs were curarized to preveﬁt votuntary respiratory movements
which interfered with impedance siéhals. The ascending aorta was dissected fr
 from surrounding adipose and connective tissue to aliow optimal fit of the flow
probe (Electromagnetic Probe Co.; ﬁodels EMP=-435, ~4i0, and -4b45). These proubas
were calibrated using ahfresh aprta, of appropriate size, through which
heparinized biocod was pumped. Thé cal ibration system consisted of a constant
préssure closed loop circuit through which variable flow rates were pumped
(Harvard Apparatus Co.; Model 500-1200). Following the flow probe placement the
thoracic cavity was cleansed of excessive -exudate and tge incision closed‘with
a2 continuous suture pattern. ‘The animal was maintained with the respirator
following cibsﬁre to facilitate controﬁﬁgérﬁespiratory arrest for the coellection
of concurrént ZCG and EMFP data. Signéﬁs fﬁpm.the implanted flow probe were
monitored by a square wave electromagnefic fibwmgter (Carnlina Medical Electronics,
_Modei 321). Mean cardiéc éutputha!ueg were taken from the'galibrated output
signals. |

Thoracic impedance signals were obtained using four aluminum coated mylar

" electrodes (3 M Company, Minneapolis), described by Kubicek et-al (10), and the

Impedance Cardiograph Modei 202, Two electrodes were placed around the neck at
least 3 cm apart.:'One.of the remaining two electrodes was placed around the
thorax at the.level of the xipheid_proceég and the other aroundﬁfhe mid-abeminal
area, A six mémp, 100 K Hz cOnstént-current was applied between the outer two .
" electrodes, and the transthoracic impedance changes associated witﬁ the cardiac

cycle were measured between the inner two electrodes,

Etectrocgrdiograms_(Lead'II);'EMFP andAZCG signals were recorded simﬁltanéous]y -

on Kodak Direct Prinf 1ighf sensitive paper using a aneywell stocorder:(ModeJ 1508)

driven by E. & M., Instrument Uo; Mark IV Amplifiers,

iy
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A wide range of cardiac output values for comparison were obtained by changing

heart rate and peripheral resistance by drug injections. Epinephrine, nore-
pinephrine, acefyleholine and iscprotenol were injected intravenously {n
appropriate doses. Cardiac output and heart rate were allowed to return to pre=-
injection levels after each procedure. All data were collected simultaneously
in the mid-expliratory apnea by cutting off the respjrator during this interval.

The maximum negative impedance change for each cardiac cycle measured was
determined from the first derivative of the impedance waveform. Stroke volume
was computed using the formula given by Kubicek, et al (9). .

AV = P(L2/20?) (d2/dt)m t

In this éxpression AV represents the stroke volume in cm3; L is the mean
distance between the inher pair of electrodes in cm; Ze is the basal thoracic
impedance in ohms measg%ed Between the inner two electrodes; dz/dt is the time
rate of change of impedance duriﬁg the cardiac cycle measured in.bhms/sec., and -
(dz/dt)m is the value at the negativé peak; P is the resistivity of blood at
100 K Hz, and t is the ventricular injection time taken as the interval between -
the pojnt where thé-negative slope crossed the zero baseline and the most
positive peak of the dz/dt waveform (Figure 1). The fesistivity of blood (P)
at 100 K Hz was given a constant value of 150 ohms-cm for all dogs, and.thfs
value was based or. the mgaﬁ hematocrit for dogs. ZCG cardiac Qutput was obtained
by multiplying Qtroke volume (4V) by heart rate over the desired interval,

RESULTS AND DISCUSSION:

Transthoracic electrical i-mpedaﬁce (bZ), ;:ime rate of change of fhis
impedance (dz%df), mean e)ectrohagnetfc flo@ probe,(EMFP)_and electrocafdiosrams |
(ECG) signals were recorded si@uitaneous[y. ﬁ?hese data were taken from 11 dogs
with flow probes on their ascending aortds. Representat]ve signals collected

4

are shown in Figures 1 and 2, ~ B i



-305=~

The ZCG calculated cardiac output changes were found to be directionally
correct in that they followed the EMFP output. Representative individual.dog
comparisons between the ZCGC and EMFP output values per mfnute are shown in
Figure 3, This figure shows the scatter plots and regression lines for dogs
2,5,8 and 10 over a considerable range of outputs. This figure also shows the
previously mentioned individual variation in regression lines and y-axis
intercepts. The mean ZCG-EMFP mean output values, their ratios, regression
analysis, and correction factors for each dog and for the total number of dogs
are shown in Table 1, The mean output values ranged from 1022 to 3583 ml/min fur
the 2CG method and from 980-3492 ml/min for EMFP, Considerable variation befﬁeen
individual animal mean output values are evident, However, the output values
from the two methods were very comparable for each dog. This is evident by
the ZCG(EMFP ratio values which ranged from 0,83 to 1.18. Eight of the eleven
animals showed a slightly greater ZCG mean output.

The regression anhalysis showed considerable individual variation with
regression coefficient ranées (0.58 to 1.05), y-axis intercepts (=75 to 976)
and positive correlation coefficients (0.58 to 0.98). The combined ZCG-EMFP
output values for the total number (21L4 data points) are plotted in Figure k.
The regression equation obtained fdr this plot was, y = 0.91 x + 213 mi,, with
a mean ZCG output value of 2345 ml and a mean EMFP value of 2353 ml, The ZCG-
EMFP ratio from these mean values was 1,00 and the correlation coefficient r= 0,92,
From the ratio of mean ZCG-EMFP output values one would believe that a one to one
relation exists, however as shown by the regréssion coefficient this is not
true;.glthough the regression and correlation coefficients are close to unity for
the total samples. Ihg sample means and mean ratios in most céses indicate that
the two methods measufe equaiuautputs.

However, if a correlation factor is calculated from the EZC/EMFP ratio for

each pair of values and the mean correlation value determined for each dog (Table |},

R R ]
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it is evident that in most cases the ZC5 values are greater than those of the
EMFP. Mean correction values ranged from 0.87 to 1,26 with eight dogs having
a correction value greater than one. The mean correction value for the total
group was 1,05, This value .is considerably less than the 1.18 value determined

by Kubicek et al (10) using the dye=diluticn as a standard, From these data it

is evident that the use of the electromagnetic flowmeter as a standard for comparison

with ZCG calculated cardiac output values is better than comparisons with averaging

teéhniques. This §s reflected by the correlation coefficients for absoluted non-
corrected values and the mean correction value determined in this study. These
results agree with those of others (i0,15,18) and'aguin point out the relative
equivalency of the cardiac output values measured by these two beat-by-beat:
techniques. In such a comparison however, one must be ccnﬁﬂaﬁf!y aware'pf the

inherient errors and descripincies of each method. These errors and weak points

. are in all probability the influencing factors producing the different regression

coefficients for each animal.

-SUMMARY :
[

In this study it has been found that the transthoracic electrical Impedance
method's abliityrto estimate cardiac output compares very well with that of the
electromagnetic fiowmeter in dogs. A correction value of 1.05 was found between
the two techniques as compared to 1,18 reported by Kubicek et al (1), 1.29 by
Harlew}and Greenfield (12) and 1.3 previously found in this laboratory (15) in

dilution method comparisons. The absolute values determined in this study

" correlated well (r = 0,92) and a mean difference of 5 percent was found, It is

felt=;hat”the characteristics of the ease of application,llack of Invasive
procedures or Implants inherient to the ZLG method along with the knowledge gain
In th!s:study_ls sufficient to warrent continued use of this method. Many

e B
comparison studlies with dilution and electromagnetic flowmeter methods have been
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conducted and they all tell the same story for nermal subjects., Additional
studies must be designed to further delineate the actual origin of these impedance
changes during systole before it can be clearly proven that the ZCG method i

truly measuring pulsatile volume changes in the left ventricle or aorta._)
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THORAC!C IMPEDANCE AND ELECTROMAGNETIC FLOWMETER CARDJAC OUTPUT COMPAREISON

Sample : Mean _ZCG ' .Régres's jon Y-Axis Chrrel'ation Correction
Dog Size Cardiac ?utput -~ EMFP Coefficient Intercept Coefficient Factor
FIs - Imé:FP ‘ |

1 12 2280 2233  1.62  0.58 976 0.58 ©1.09

2 13 2106 1769 1.18 £ 0.93 450 0.78 1.26

3 0 1022 980 1.04 0.64 393 - 0.96 .15

4 9 2481 2566 0.92 0.79 I3 0.73 1.17

-5 36 2867 2655 1.06 0.91 443 0.86 0.97

6 | 27 1337 1570 0.85  0.79 88 0.89 a2

7 22 1926 1747 1.10 0.85 443 0.87 ¢.87

@ 8 21 2735 3261 0.83 0.8 01 0.96 1.12

9 20 2906 2890 1.01 0.8% | 472 0.89 0.85

0 20 3583 3432 1.0 1.05 ~75 0.98 1.03

" 24 1933 2018 0.95 0.78 361 0.88 1.0
-.Total or =

 Mean 21k 2345 2353 1.00 0.91. 213 0,92 1.05
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All graphs consist of non-corrected data points.
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EVALUATION OF ELECTRICAL IMPEDANCE CARDIOGRAPHIC
MEABUREMENTS OF HEART FUNCTION IN COMPARISON TO
INDECATOR DILUTION AND PRESSURE GRADIENT METHODS

Henry 1, Babitt, Roy 1. Steigbigel, J. Richard Warbasse
Evaluatiotis have been made of electrical impedance

1,2

cardiography as a4 non-invasive means of estimating cardiac

.output in humans. Two different dtandards of reference have
“nbegn used in an effort to validate the use of impedanée
cardiograph eatimateﬁ of stroke volume from the empirically
derived formula:
Yy
w @ LZT cdz/dt 3

First, simultaneous c¢ardiac output estimations comparing the

Impedance Gardiogfaph.fo the indicator-dye-dilution technique4

have héen performed. Secondly% estimations of stroke volune
and peak ascending aortic bléod velocity are currently under
iiivestigation: simultaneous measurements atre beitig made

with the impedance cardiogtaph and'with the ﬁfessure-gradieﬁt

method of Fry and Fox. 35 6

Evaluation of the Electrical Imgedance Cardiogram with Indicator

Dilution Method |

Meastirements were made on 11 patients who had either
miner or no cardiovdscular disease. Only one patient had
“valvulat heart disease, i.e. mild mitral.stenoais. All
'aubjeétg weré éware of the nature of the procedure, and an
informed signed consent was obtained prior to the procedure

in every case. These eialuationa were performed in the

M""‘”‘- s
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unsedated fasting state with the patient supine. The methods
of elecg;ode placement of the Minnésoéarnodel 202 Electtical
Impedance Cardiography System and cardiac output calcula?ions
utilizing the first derivative of the change in impedance
(dz/dt) were those described by Kubicek.a Thé indicator-
dye-dildtion :echniqqe consisted of injecting a 1 cc bolus

of 2.5 mg. of Iﬁdiocyanine Gréen Dye followed by an immediate
saline f£lush through a Gensini catheter which had previously ' é
been fluoroscopieaily placed in the superior vena cava.

The injected dye was contained in a specialiy comstructed
volumetric one ¢c¢ pipette ayringe which was calibrated by
weight to contain one cc of fluid with an error of less

than 1X. The.arterial sample was obtained through an 18

thin wall Cournand needle which had been percutaneously
placed in the brachial artery. Saﬁple withdrawal was
accomplished with a Harvard pump at a rate of 25 cc/mine
through a Gilford cuvette densitometer. The cardiac output
was calculated utilising the Steward-Hamilton mathod.?

The heart sounds, elact:ocardidgrgm._chénse in impedance,
and first and second derivatiVeakof chaﬂje'iu impedance w=re
recorded simultaneously with each indocyanine green dye “
injection on a Sanborn Qéract writing m@lgi-channelrrecérder
(MJaeI'77GB-09A) sﬁ a paper espeed of 50:mm/aacond. and ofi
electromagnetic tape (Sanborn, Model 2000). For each

-epsimate of cardiac ouﬁput from the impedance cdrdiogfam,
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average measurements were obtained from four cmnsecutise

dz/dt deflections. These similtaneous determinations were
made in the basal state, immediately after supine exetcise

on a bicycle ergometer, immediately after a 0.4 micrograms/cc
 isoproterenol infusion, during amyl-nitrate inhalation with
tourniqdets applied, and duting recovery from these maneuvers.
Not all of these modalities were used in all individuals
studied. .

The results ofjthis comparative evaluation are as follogsz.
of thé eleven studiés performed, 5 demonstrated quite -
acceﬁtable agreement between the two techniques, whereasd
the othef six did not. There was fio coneistehﬁfetror and
the results were scattered in a random fashion. Study number 10
is representdtive of results considered to be acceptable
(Fig. 1). The slope of the regression equation is 0.84
with a standard error of estimate of 0.615 liters/minute,
andﬂa correlation coefficient of 0.907. By contrast, in

. study number 6 (Fig. 2)'the impedance gystem mérkedly
overestimated cardiac output at all levels, in a relatively
consistent fashion. The slopé of the regression equation is .

- 0.565 wifh a standard error of estimate of i.BB'liters/minute,
:k:and a correlation coeéficient of 0.771. The wave form of
ﬁ”the change 1n impedanca_(Az) and iﬁa firet derivative'(dZ/dE)

in study 6 ére not signiﬁﬁpantly.élfﬁerent from those in

study 10. 1In study number 7 (?ig‘ 3) the 1mped&nce system

%‘}Vwm,,‘,;“mwwz ,_," o T
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consiéﬁentlymgnderesﬂimated cardiac output, resulting in a

. regressiéh slope of 0.3&5, arstandaré error of estimdte of
1.11 liters/minute and a correlation coefficient of 0,787.
This patient had right bundle bfanch blockrbn hislelectto-

‘ eardiogram, but naqclinicﬁl evidence of cardiovaé&ul&r diseasde,
Most of the studieus showed vety little scatter away from
the regression line with standard errors of esﬁimate ranging
£roﬁ 0.333 liters/minute to 1.20 liters/minute. However,
three studies hadlrdther marked scatter, this occurring
pradominantly at the higher cardiac output levels as
demonstrated in study number 2 (Fig. 4). While the
iqdicatoredye-dilution cardiac output ranged from 9 to
16.5 i1iters/minute, theocaiéiac cutput obtained from the
firet derivative of change in impedance did not change, é
However, later 4n séhdy number 2, a cardiac output of 17.4
1iterslminute was obtained utilizihg the data from the

impedance system while the simultaneous indocyanine grean

dve output was calculated to be 12 11tgr§7m1nute.
When all 70 simultaneous determinations in 11 studies
(Pig. 5) are combined ‘the regression slope is 0.617. The
.atandard error of estimate is 2.62 liters/minute. Thae
f'doégnlation coefficianﬁNis'O;SBS.' Effo?gs'eo d§Ve10p a
more accurate empirical formula to measure cardi@c ogtput

" utilizing the impedance cardiogram, e.g. the height of the
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positive dz/dt deflection above the baseline, the height
times the width, the area pf‘ﬁheVpositive-deflection, etc.,
were not puccessful., However, in this evaluation of the

impedance cafdiogram, the potential errors in the dye

"dilution technique must be considered: 1lack of instantaneous

indicator 1n5ection, laclk of uniform mixing with the blood

plasma, lack of uniformity of volume flow from injéction

to sampling site, lack of constant distribution of indicator

dye during. transversal time, presence of recirculation

elements in the measured time concentration curve. Nevertheless,

the theoretical validity and the approximate accuracy of‘

properly performed indfcator dilution messurements of cardiac

output cannot he_questioned.4’7
11 summary, electrical impedance cardiography, using a

previously developed empirical formula, in our experience-

produced variable results in the leasurement of cardiac

output when compared to measurements of cardiac output made

simuitaneouslyuby the indicator dilution method.

Evaluation o n edance Cardiogram with the Pressure Gradient
Method of Measuring Instantaneous Blood Velocity and Flow

The ifidicator- dye-dilwtion method, described in the
previous section, allows the measurement of only mean cardiac

output over a number of heart beats. Since there is some

experimenhal evidence” that the rate of change of the

b
b
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electtical impedance messuremert (dZ/dt) refl ects instantaneous
changes in alacei'n-din-g a‘on:l.é" blood flow diutimg brasth hold4ing,
impedance cardiography may yield useful info rmation on

heart function. Therefore, the electrical AMpedance electro-

" cardiogram was reécorded siulta"neously to 1metantaneous

agscending aortic blood velocity and flow:te.éoﬂedrby the

5,6
pressure gradient method of Fry and Fox. ' -

‘The type of patients stﬁdi,—ed and the mal‘-hodﬂi of electrical

1-mped-aqc\e cardiography are the same as® thos & already described

e,

in this .‘;;‘pott. The methods utilizéd to mes8ure instantaneous
blood velocity and flow in the aicand’in-g ao £ta have previously
been rep-o,.:te.c_l.g’]l_'o Briefly, lateral pressurxe iy peasuyred

at 2 points 5 cm. apart along the axis of the ggcending

aorta with an 8F double lumen catheter, per Cltaneously

introduced in the femoral artety and ccinected to two

Stathsm P2IDB pressure transducers. The df £ference between

thege two pressures over a ﬂniu distance 10 ohtained

by a subtraction circuit, and is used ai? ap &pproximati6n of
the pressure g:-a-d'izeat at a point. The Gre-lur-e difference
serves as the 1:jpu'l: to an on line analog coOmMPuter program.e:d
to 1n.§tantdn¢6ully solve ¥Fry's modificatioms” of _t_f_he Navier-

Stokas i-qt‘iuion for blood velocity. Instasstancus ascending
sortic blood flow is obtained by multiplyims the recorded

blood veélocity 5y ‘thsc -crou-u-c-ctioﬁnl areas ©Of the ascending
aorta measured by biplane angiography (twedve 14" x 17" rxoll

filmll_ucond)- corrected for distance dilto?tion. by the

s L MR Ryal o m, L Geml . wlplo, o cas QL
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methods of Dodge.ll The va].'i:d:l-ﬂ:‘y of the pressure gtadient;
method of measux 4ng i,n;s&;ntaneous blood velocity and fi.ow
has been demoregt Tated by in vaAdtro and 4in vivo ratud:i.esa.:"o’lz’]3
The studies comyring the electrical impedance electro-
- cardiogram to px essure gradient methods are currently in
progressy and onl Y very prelimdinary results are available
to date. Figure 6 {llustrates the recorded data of one
such study. The inpedance cardiogram determinations of
cardiac output £0lloy in direction the determinations made
by the dye dilution gnd pressure gradient methods. Figure 7
illusgrate_é simultangous green dye, lmpedance cardiogram,
and pressure gradient card:l.bc output determin;tions in four
control situatdi ons, juring an ZLsoproterenol infusion,
: during recovery from the igoproterenol effect and during i:he
performance'o‘f a8 Valgalva manerﬁtez to a pz;es.su,‘re of 40 mm Hg.
The agreement b etween the cardiac output measu.tements by the
i-mp.eldance cafdj.osram and pre§a'ure-gra.dient nethods 1s
demonstrated by the dorreiation cogffici_.ent of 0.72 and the
linear regressdon equautl_o; of y . 0.08 + 0.97x. (The cardtiac-_
output as'd_eterminéd by the pressure gradient technique is x
and that determsifed by the Limpedance method is y.) The
standhrd error ©f ostimate 48 0.91 Zl-.it:ers/'minute.
To examine i‘ns:tantaneo_us_ events, the peak of the first

derivative of :l-mvedapc-afchange (dz/de), expressed in

I
o

ohms/second, wa#® compared with the peak ascending aortic
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blood velocity expressed in cCR.[gecond, In Figure 8, peak

dZ/dt 1is plotted on the ord A mate and peak blood velocity

on the abscissa. Measurememts yre nade during ventricular

premature .contractions, normally con‘ducﬁed beats, isoproterenol

:I.nfusion., the Valsalva manewsver, and during rest and recovery

periods. The correlation coeffiient for this study is

0.94 for the simultaneous measurénent by these two methods

under these wiifilely varying pbysiof&gical clrcumstances.

In the three other studies pétformed to dnte, the

correlation coefficients vexe 0.94;‘ 0.89 and 0.63. (Technical

difficulties may account forx the foor correlation coefficient

in the last of thesge stndies-) |
In summary, preliminary d'atha suggest that the impeda-n-ge

cardiogram may be a useful methyd to 1ns’tanlta'neou91y evaluate

ni'egha-nical heart function, It gppears to provide information

“igimilar to that of more comPlicated procedures, to not require

penetration of the skin, arsd to pe eé'sy to use. Further
evaluation of electrical imPedance cardidography i3 in

progress.
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Introduction

The purpose of this paper is to describe the results of
an evaluation of impedance cardiographic tachniques (Section |}
for monitoring relative changes in cardiac output.

Previous comparison studies in our laboratories have in-
cluded work on both human beings and animals. A study on 10 o
normal young adult healthy subjects wars carried out under con- |
ditions of rest and exercise but only 2 fairly limited range o. =
cardiac output and cardiovascular dynamics was achieved. Resul".

of this study were described in our July 1967 Final Progress Yr .

port to the NASA and in reference number 1. Also reported at

that time were results of studies on dogs in which stroke volume
was varied by controlling pulse rate with paired pulse;stimulati«:.
Impedance stroke volume was compared on a beat byfbeat basis wiih
that obtained from electromagnetic flowmeter information. Agal)
this was very limited information since cardiaec output and per-
eral resistance remained essentially ccnstant and only pulse ro

and stroke volume were varied. The results of the experiments ~n

i
¥
i
i
3
s
%

animals showed a linear relationship between impedance and flow -

meter stroke volumes over the limited range and also showed a

z

" linear relationship between the peak of ascending aorta flow and - é%
the peak of the first time derivative of the impedance waveform. %
These interestiﬁg results suggested that further work should be %
carried out to assess fhe applicability of impedance techniques é
over a wider range of dynamic cardiovascular conditioné. ?

The major goal of the present study was to stress the cardio-

vascular system of the anesthesized dog as much as possible and

S g

monitor cardiac output with three techniques: the indicator

RO
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dilution method, the electromagnetic flowmeter, and the impedance
technique. 1In order to achieve the aforementioned goals, . several
drugs were utilized to vary four parameters of cardiovascular

function: the contractility of the heart, the peripﬁeral resist-

ance, the pulse rate and the stroke volume,

Methods:

Mongrel dogs were anesthetized with sodium pentobarbitol
(25 mg/kg), intubated, and placed on a positive pressure respi-
rator. A left thoracotomy was performed and an appropriate elec-
tromagnetic flow transducer (Biotronex model 410) was placed around
the ascending aorta. While the chest was open, three catheters for
dye injection and sampling, and pressure measurements were posi-
tioned. Pressures were determined with a strain gauge transducer
(Statham P23Db). Dye for the indicator dilution studies was in-
jected into either the right atrium or main pﬁlmonafy artery and
sampling was from the ascending aorta. The thoracotomy was then
closed and air evacuated by continuous suction. The four elec-
trode bands for impedance measurements were placed on the neck and
lower thorax in the standard positions shown in Figube 1. The
following parameters were recorded on magnetic tape: ECG,
ascendiﬁg aortic flow, ascending aortic pressure, thoracic im-
pedance change, AZ, first time derivative of thoracic impedance
dZ/d4t, and the indicator dilution curve (Waters Corp. densitometer
~system)., Following the experiment, these parameters were repro-
dhced on an‘oscillogﬁaphic recorder (Honeywell Visicorder ﬁédel
1508) for subseguent data reduction. During the course of the

experiment all parameters were monitored on a large screen
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oscilloscope and dye dilution cardiac output was computed on-line
by our digital computer such that the trends cf the experiment

could %e followced.

CONSTANT
CURRENT
OSCILLATOR

VOLTAGE
up
DETECTION
i1l

2, A2 ‘%" "%'2

100 KMz

Figure 1 Electrode plﬁcement and Impedance
Cardiograph-components

A minimum of two dya dilution curves with simultaneous
impedance and flowmeter measurements were oﬁtained for each car-
diovascular condition. All measurements were taken during pericds
of end-expiration apnea to eliminate respiration artifact from i.e
impedance signals..

To obtain an increase in peripheral resistance with a mini-
mal effect on contractility, methoxamihé was infused at a constant
rate by a Harvard Apparatus infusion pump. The 1eveié-of metho:-
amine infusion depended ?rimarily upon the response of the par-

ticular animal as measured by the ascending aortic blood pressure.
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‘Infusion rates ranged from 0.25 mg/min to 1.0 mg/min.
Decreased peripheral resistance, increased contractility

and increased heart rate were produced by infusion of iso-

‘proterenol at constant rates over several levels ranging from

0.25 miecrograms to as high as 10 micrograms. Again the response
of the:individual dog controlled the infusion rate.

Two levels of bradykinin were infused at a constant rate of
25 and 50 micragrams‘per minute in an effort to decrease periph-
eral resistance without changing contractility.

To lower heart rate and decrease contractility, dl-propranolol
was given intravenously in one bolus at the rate of one quarter
milligram per kilogram weight. In some instances sodium pento-
barbital was given at the end of the experiment as a>gehera1 system
depressant.’

Fourteen animal experiments were done. Thé drugs were not
always administered in the order listed and in some cases not
‘all drugs were given in a particular exPérimént. Figure 2
describes the parameter variations observed during a typical -
experiment.

After completion of the experiment the electrocardiogram,

AZ, 4Z/dt, ascending aortic flow, ascending aortic mean pressure,
indicator dilution curve and stroke volume as computed by analog
integration of the flow waveform were reproduced fpom magnetic-

tape for data reduction. For purposes of comparing the three

- cardiac output techniques, dye dilution, electromagnetic flowmeter

and impedance, the beat by beat data of the electromagnetic flow-
meter and impedance system were taken from eight be#ts under the

dye dilution curve. - Calculation of impedance.determined stroke-
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volume was done as deseribed in Section I.

Comparison: :
Study 10 - Typica! Parameter Response
Gontrol _ |Methoramine | _lsuprel | Bradykinia | Propranclol

Pulse Rote :bpm 166 77 77 171 | 128
Cardiac Output - Yiyin. 274 2.50 587 422 232
Stroke Volurhe ; cg 16 33 3% 25 I8
Acrtic Pressure ; mim Hg e - 17 I Ieo . 149

{mean) '

Peripheral , Dyne.sec.| ., .

Resictance ° o | D467 5429 | 1510 1895 5140

Figure 2 \Typical cardiovascular parameter variations
produced by drug infusions,.

Indicator dilution curves were recorded and calibrated
in the standard fashion and computed on-line with a small digital
computer (Spear microLINC), and the technique utilized was similar
to that of Hepner et il' (2). The validity of the computer calc.u-
lations were established by hard calculation of selected curves
using the Steward-Hamilton replot method (3). Fifty comparisornc
of %ﬁg'tWO methods of computation over a range‘of 2 to 11 L/min

were characterized by the regression equation:
Computer calculation = 1.016 (Hand calculation) -~ .06

with a standard error of the sldpe = ,0175 and a standard error

of the intercept = .069.
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The flowmeter probes were roughly calibrated with saline
using a gravity feed system, stopwatch, and a graduated cylinder

t0 measure flow volume,

Results:

Comparison of the dye and flowmeter cardiac output data is
shown in Figure 3. There are 305 simultaneous coémparisons from
14 dogs. The dogs ére coded Dog 1 as A, Dog 2, B, etc. on to
Dog 14 coded as N. The range of cardiac output was from one to
10 liters per minute. The flow probes utilized in these experi-
ments previously had a rough calibration with saline but it was
not considered accurate. Therefore, assuming that on the average
the flowmeter and dye dilution cardiac outputs yield the same in-
formation, we divided each eight beat average flowmeter cardiac
output value (rough calibration) by the corresponding dilution
cardiac output and averaged all ratios for each experiment to
derive a constant, then used this constant to correct the flow-
meter data. Since the purpose of this study was to evaluéte rela-
tive change predicting capabilities of the impedance technique,
such a procedure for calibrating the flow probe is valid since
one is only multiplying‘by a constant. Using this calibrating
technique a 45¢ identity line and $10%, *15% and $20% lines around
the identity line can be drawn as shown in Figure 3. An analysis
of these data shows that approximately 25% of the points lie out-
side the t10% lines, approximately 10% lie outside the #15% lines

and approximately 4% lie outside the *20% lines.
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CORRECTED C O --FLOW NZ 'ER VE DYE OIL.

FLOW METER C G TN LITERS/MINUTE

% & & &8 & &8 & 3§ 8

10, a0

DYE DILUTION C 0 IN LITERS/MINUTE

Figure 3 Comparison of corrected EM Flowmeter determined
cardiac output with simultaneous dye dilution values for
1% dogs with u45° identity line and #10%, t15% and t20%
difference bands indicated (see text for correction method
of flowmeter data)l.

To assess the quality of our dye dilution and flowmeter
cardiac output information we can compars these data with results
obtained by other investigators. For example, Miller et al. (4)
did a dye dilution-Fick comparison on 15 patients with 34 simul-
taneous determinations. Their results indicated that 12% of
their data fell outside a *12 1/2% difference band. Sleeper et al.
(5) carried out a study to evaluate the reproducibility of the
indicator dilution system. To determine the errors inherent in
the instrumentation and calculation of the indicator dilution
curvés they attached two densitometers to the same needle and
results showed that two standard deviations were approximately

6% of the mean cardiac output. After determining the instrumen-

tation error they measured cardiac outpﬁt simultaneously from



TITATT

[ R A T L)

P L R

RS LN A

P TR RS

SR S e S R

R RACE S

-338-

two sites on the same patient; the brachial artery and the femo-
ral artery. The results from this experiment showed that two
standard deviations were equivalent to 1200 cc per minute or
approximately 20% of the mean cardiac output. In light of the
results of these other investigators we can conclude the follow-
ing about our flowmeter and dye dilutions simultaneous comparison:
There appears to be no greater spread of our data than when one
compares the dye dilution with the Fick, both accepted techniques.
There is an equivalent spread to the simultaneous dye dilution
data on an individual from two separate sites. Thus the flow-
meter and dye dilution information yield the same information
within the accuracies suggested by other investigators for ac-
cepted cardiac output techniques. We may then use either the dye
dilution data or the flowmeter data in assessing the quality of
the impedance system for predicting relative changes in cardiac
output.

Since the impedancé technique is a stroke volume method, i.e.,
the basic calculation is for stroke volume, the comparison of the
impedance system with the other techniques on a stroke volume
basis is most meaningful. Figure 4 shows the relationship be-
tween impedance stroke volume and flowmeter stroke volume from
14 dogs and Figure 5 describes corresponding results for the dye
dilution stroke volume. The coding is the same used in Figure 3.
Since we were only interested in relative changes, the values of
the impedance stroke volume have been corrected by determining
the average ratio of the dye dilution stroke volume to the im-
pedance stroke volume for each experiment and then multiplying

the individual impedance stroke volumes by this correction factor.
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Likewise, impedance vs. flowmeter stroke volume data were cor-
rected in the same fashion. In both comparisons about 30% of
the data are outside of a *20% band.

One vehicle for assessing the aécuracy or the capabilities
of the impedance method in predicting changes in relative stroke
volume is through use of line graphsbf normalized values of
stroke volume. In Figures 6 through 9 normalized stroke volume
by the three techniques are presented versus the condition of
the experiment. Normalizatioﬁ was achieved by determining the
average value stroke volume of the two or more control measure-
ments for each method and dividing 11 other data by the respec-
tive average control value. The key for the data is shown in the
upper right hand corner of the figure. These graphs are repre-

g sentative of the type of results that were obtained in this study,
showing some of the best correlations and some of the poorest
correlations of the 14 experiments (Appendix A contains the
results of the remaining ten experiments). Figure 6, comparison
study 12, shows the poorest fit of the impedance information to
dye dilution and flowmeter information. On these graphs, C re-
presents control, M indicates methoxamine infusion, R 1s recovery,
I is isoproterenol, B is bradykinin, P is propranolol and N is
Nembutal. Figure 7 is more typical of the type of data that were
obtained on this series of 14 experiments. In comparison study &
we see a fairly good correlation between the impedance and the
other two methods during the isoproterenol and bradykinin in-

? jections but an overestimation of the methoxamine condition. In

: comparison, study 10 shewn in Figure 8, the impedance syste.-

agreed fairly well with the flowmeter method during methoxamine,
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for normalizatinn procedure and %ry to experimental state).
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but overestimated during the remainder of the experiment while
exhibiting the same directional changes as the other methods.
During comparison study 8, Figure 9, the impedance system followed
the other two measurement methods quite well.

“As previously indicated, past studies in cur laboratories
have shown a linear relationship between peak amplitude of dZ/dt
and the peak amplitude of the ascending aortic flow waveform over
a limited range of cardiovascular condition. To determine if
this relationship held over wide ranges, corresponding data were
Plotted for the current study. Figures 10 through 13 show the
results of this comparison for the same experiments éescribed by
the stroke volume comparisons of Figures 6 through 9 (correspond-

ing plots for the ten additional experiments are presented in

Appendix A). The data were normalized by the same procedure used
for normalizing the stroke volume line graphs. In addition to the
plot of dZ/dt peak, a factor (L/Zo)2 modifying 4Z/dt peak is also

shown., This factor is utilized in the computation of impedance
stroke volume and it was of interest to see if it had any effect

on the correlation of peak dZ/dt with peak flow.

Discussion:

It might be suggested that there are systematic reasons
related to peripheral resistance, or a particular infusion media
which explain why the impedanée system may or may not follow the
standard techniques, but Figures 6 through 9 suggest no obvious
trend. In some cases cardiac-outputs during infusion of iso-
proterencl were considerably overestimated. In some cases the

cardiac output was underestimated while in several cases there
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was a good correlation between the impedance method and the other
two methods, Again, during bradykinin infusion, the impedance
method underestimated or overestimated cardiac output in several -
experiments and agreed quite closely with the other two techniques
in other experimenfs.

There are other possible explanations ¢f the variability of
the correlations found. Since the peak of the impedance waveform,
along with ventricular ejection time, are involved in the imp=d-
ance stroke volume computation formula, one can suggest that the
formula is a triangular approximation of the ascending aorta flow
waveform if linearity between the impedance time derivative peak
and ascending aortic flow peak exists. Figures 10 through 13
suggest that the flowmeter peak value versus the impedance deriv-
ative peak value had a better ¢orrelation than the stroke volume
by impedance technique versus stroke volume by the acecepted tecal -
niques. If we assume for the moment that we have good correlaticn
between flow peak and dZ/dt peak then the triangular approximaticn
idea may show some indications of the errors in the impedance pre;
diction of stroke volume. Under conditions of methoxamine the
aortic flow profile waveform exhibits a flat top and is consid-
erably wider than it is under normal peripheral resistance con-
ditions but during isopfoterenol the flow waveform.becomeshcbh;
siderably narrower. If one would approximéte the flow signal dur-
ing methoxamine as a triangle a portion of the area under the
waveform would be lost and therefore the stroke volume prediction
would be much lower than the true value.rzlf}the»%riangle approx-
imation is used during isoproterenol-ihfuéiQn one wdQld expeact to

be more accurate because the flow profile fairly well approximates
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a triangle during high activity isoproterenol conditions. From
analysis of the impedance-flowmeter stroke volume data, we did
not see this particular trend. Although there are examples of
this type of behavior there is not enough of a trend to suggest
that these are the errors inherent in the estimations of stroke
volume by the impedance technique.

Reflecting upon the design of these experiments our goal wac
to stress as much as possible the cardiovascular system. Since
there is sufficient data in the above .figures to show a good cor=-
relation between impedance and dye dilution or flowmeter stroke
volume one c¢annot disregard the possibility that the impedance
syster may be valid over a limited range only. The wide dynamic
range imposed upon the animals in our series of experiments may
be causing the impedance system to get into regions of nonlinearity.

One other possible clue to the disagréement between the im-
pedance system and the other two techniques can be best explained
by two figures that show waveforﬁS'ffém two of the experiments.
Figure 14 shows &7 énd dz/dt waveforms from comparison study 6
and are typical of those obtained from human subjects and from
dogs whose chests are intact. Figure 15 from comparison study i-
shows some rather complex abnormal impedarnce tracings and it is
this quality of waveform that appeared quite often throughout
our series of experiments. Apparently, opening the chest of a
dog to place the flow probes and catheters had some serious effects
on the quality of the impedance waveforms that were obtainable
after closure of the chest. During the course of these experi-
ments every effort was made to evacuate all the air from the chest

by continuous aspiration and repeated auscultatory checks were
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Figure 14 Impedance waveforms typical of those
obtained from human subjeects and dogs with intact
chest. (Flow-ascending aortic flow, S.V. - stroke
volume obtained by integration of flow}.
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Figure 15 Abnormal impedance waveforms from dog
possibly caused by opening and closure of chest.




~349-

made of the chest. We cannot ascribe all of the mismatch between
the impedance data and the flowmeter and dye dilution data to
problems that occurred because of the opening and closing of the
chest but we consider it to be one contributer to the differences
noted previously. As an example, comparison study 12 exhibited
abnormal waveforms and poor corrélation, while the moére normal
waveforms from study 6 were accompanied by better correlation.

One obvious technic for assessing the effects of the surgéry and
acute experiments would be to utilize chronically implanted flow
probes or a catheter tip flowmeter in order to avoid opening the
chest. We are planning to utilize an elec¢tromagnetic catheter tip
flowmeter and repeat some of these experiments to determine if the
impedénce waveforms retain a neﬁmal contour and examine the sub-
sequent effect on the correlation of impedance stroke volume with
accepted methods.

In summary, the cardiorrascular system of 14 dogs was stressed
over a wide dynamic range, and in some cases nearly to the point
of destruction. The ability of the impedance system to predict
relative changes in cardiac output was not as satisfactory as that
achieved with the dye dilution and flowmeter methods. However thare
were sufficient conditions under which the impedance system did
accurately prediet_relative changes in cardiac output to warrant

further efforts in this area.
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APPENDIX A

This appendix contains line graphs of stroke volume
comparisons and impedance flowmeter parameter comparisons
for the ten comparisoca studies not explicitly described in

the text.
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A technique for estimating cardiac output in man not re-
quiring arterial and venous cannulation is badly needed byu
medicine. The Minnesota Impedance Cardiogram developed by
Dr. Kubicek and his associates has been shown to reliably
estimate changes in the stroke volume of dogs with bigeminy.
Unfortunately the changes in cardiovascular dynamics in these
animals were limited and little human data is available. These
studies were designed to extend the obéervations on estimations
of stroke volume over a wide variety of cardiovascular states,
e.g., altered contractility, peripheral vasoconstriction and
vasodilation and hypovoiemia. In addition, measurements were
obtained during another study ih humans in which the cardio-
vascular system was depressed. A final group of measurements
were taken in humans with more vigorous cardiovascular function.
Unfortunately these data were not available at the time of this

report.

Methods and Materials:

A. Animal Studies: Six small mongrel dogs were anesthe-
tized with intravenous pentobarbital, intubated, and ventilated
with rcom air via a Harvard animal respirafor. The animals were
clipped and a cannula placed_in the femoral veiﬁ ana.#u French
cardiac catheter placed.in the femoral artery, advanced to the
arch of the aorta and connected to a Statham p23 d strain gauge.

A left thoracotomy was then performed and an electromagnetic

flowmeter (Zepata model) placed tightly about the ascending aorta
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(approximate 10% reduction in the diametew?. ?The left thorax
was filled with saline, the chest tightly closed and as much
air and salinéPevacuated as possible. Two mylar electrodes
wére placeé about the neck and two about the upper abdomen in
the usual fashion. A microphone was placedon the anterior
wall to record heart sounds for timing purposes. The elec-
tremagnetic flow, arterial pressure, Z,, A%, dZ/dt, electro-
cardiogram and heart sounds were amplified-via Sanborn ampli-
fiers,:stored on magnetic tape and redﬁced at a ;ater date.
At the end of the study, the animals were sacrificed, the pc-
sition of the arterial cathetér and electromagnetie flow probe
verified and the flowmeter was calibrated and checked for
linearit§.

Drugs were administered in amoun*s sufficient to markedl-’
alter the eardiov ® ...4r system and measurements of aortic
flow, dV/dt, arterial pressure, dP/d%, electrocardiogram, heart
sounds, and impedance changes made. The initial drugs were
isoproterenol, levophed, methoxamine and pentobarbital. Fol-
lowing this dpug sequence, Arfonad was infused to produce hypo-
tension, measurements made, and the prior drug sequence re-
peated., The drug sequence was varied with each animal. The
animals were then bled to death with measurements repeated
after removal of successive aliquots of SO'fo 00 ml. of blood.
Impedance stroke vqlume was_calcﬁlated according to the usual

formula.
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B. Human Studies: In seven healthy volunteers, arterial
and supérior vena cava catheters were placed percutaneously.
Mylar impedance electrodes and electrocardiogram electrodes
were placed in the usual manner, Vascular pressures were trans-
duced on appropriate Statham strain gauges, amplified and re-
corded on either a Visicorder or Grass recorder. Cardiac out-=
puts ﬁere measured by the usual indicator dilution technique,
using indigo cyanine green with a Gilford densitometer and
Gilson recorder. The first derivative of arterial pressure
was obtained via electronic differentiation of the afterial
pPressure pulse. ‘At each measurement point, the electrocardio-
graph and impedance waveforms were also recorded.

Briefly, the experimental protocol consisted of measuring
cardiac output, ECG, Impedance Waveforms, superior vena cava
pressure, arterial pressure and dP/dt during the control period
and repeating all measurements at preselected intervals during
general anesthesia. Following the control period, the subjeets
were anesthetized with halothane -~ nitrous oxide - oxygen and
intubated. Respiration was controlled via a Bird 9X ventilator

driving an Air-Shields ventimeter which in turn substituted as the

breathing bag in the usual anesthetic cirele system. Thus,

minute volume and respiratory pressures remained constant while

the subjects PR Was altered by varying the inflow Ppog » All
2 T2
measurements were repeated at a Panq of 20, 40 and 80 torr
"2

during the following end tidal anesthetic levels: 0.3% halothane

in 70% nitrous oxide and 30% oxygen, 0.8% halothane in 100%
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oxygen, 0.8% halothane in 70% nitrous oxide and 30% oxygen, and

occasionally 1.5% halothane in 100% O 5troke volume, stroke

9
work, minute work, and total peripheral resistance were cal-
culated in the usual manner. Dgtails of the study will be
published elsew’iere. In both groups, correlation co-efficients
were calculated by the method of Pearson and the lines illus-
trated are the best fit line calceulated by the least squares

)

method with assumed linearity.

Results:

A. Dogs: Computer generated'scattergrams with best
fit lines are shown in figure #1-8 with a summary of cor-
relation co-efficients in Table 1. Correlation co-efficients
of the two methods of estimating stroke volume ranged from
excellent in #2 and #5 (better than 0.9), to fair in
dog #6 (0.748) and dog #4 (0.643) to poor in dog #3 (0.403),
to none in dog #1 (0.093). The overall correlation co-efficient
was 0.245 when all dogs are included. This rose to 0.682
when dog #1 was eliminated. The correlation between the
three derivatives -- dZ/dt, dP/dt, dV/dt was poor as the
correlation co-efficient between dZ/dt and dP/dt was 0.411
and the correlation coefficient of dZ/dt to dV/d4dt was 0.381.
The range of values of the usual cardiovascular parameters
listed in Table 1 demonstrate over a ten fold change in each
value.

B. Humans: Again the computer generated scatfergrams

are presented in figures 9-16 with a summary of correlation
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co-efficients in Table 2. In this group the correlation co-
efficients ranged from 0.9%929 in subject #3 to 0.647 in subject
#4. Between these extremes in decreasing order were subject #6
(0.904), subject #5 (0.879), subject #7 (0.784), subject #2
(0.694), and subject #1 (0.654). When the absolute values of
all stroke volumes were compared, the correlation co-efficient
is 0.543. However, this rises to 0.750 when only the relative

changes from control are considered.

Discussion

It should be noted at the outset that the author began
this work with the intuitive feeling that the calculated stroke
volume impedance would correlate poorly if at all with standard
stroke volume measurements, However, the observed correlation'

co-efficients (with the exception of Dog #1) suggest that the

P S LR T e

e R

observed trans-thoracic impedance changes are related in some

way to stroke volume, Indeed the human data, together with

earlier animal data published by Kubicek, suggest that relative

S v

A R o AN b

Rl Pt e

changes in strcke volume can be estimated in relatively normal

man with fair reliability, particularly if the data from several

LRV S,

subjects are pooled. Thus, if ecircumstances preclude the use
of those standard measurements of cardiovascular function which
require the insertion of arterial and venous catheters, im-
pedance plethysmography may give an indication of the average
direction and relative magnitude of changes in a group of sub-

jects even in its present, poorly understood stage of develop-

B2 o

ment.
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Having praised the technique (however faintly), I feel
it is necessary to identify several limitat?ons and deficien-
cies. Tirst, the formula used for calculations of stroke
volume is empirical snd will undoubtedly be replaced as our
understanding of the technique improves. Second, the 100 kHz
current traverses many vascular structures whose volumes are
frequently changing at different rates and in different
directions. Therefore the present configuration of electrodes
provides data which is difficult to interpret. Third, the
scatter of the data preciude its present clinical use because
the observer cannot be sure that, in a given individual, an
estimeted change in stroke volume is real. One cannot even
be sure that the direction of change is correct or that a
change has, in fact, occurred.

Figure A illustrates some of the problems associated with
this technique and an observation which precludes its present
use in clinical medicine. Panels A and C illustrate a rela-
tively normal dZ/dt waveform. In panel B the dZ/dt falls be-
low zero well before the onset of systole. This invalidates
the concept that the impedance change depends solely upon the
ejection of blood into the aorta. Panel D is even more dis-
turbing because one observes a relatively normal dZ/dt wave-
form in the presence of virtually no blood flow in or change of
pressure in the aorta. The author believes that this is a valid
observation since subsegquent measurements were made on this

animal following: successful resuscitation. At the present,
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no explanation is available for this observation.

“Figure B illustrates other interesting observations. Tn
panel A, a biphasic dZ/dt is seen with a peak dZ/dtmin occur-
ring during the time corresponding to atrial activity equal to
that seen during ventricular aétivity. In panel B, the systclic
dZ/dtmin peak indicates the reduction in flow during an abnormal
ventricular contraction. The infusion of isoproterenol produced
panel C in which the atrial dZ/dtmin peak fuses with the sys-
tolic dZ/dtmin peak so that the ejection time could not be cal-
culated from the waveform. Finally, panel D taken during a
period of recovery from cardiac arrest with acetylcholine has

a di/dt peak occurring during diastole -- a period in which

min
it is difficult to believe that any volume of blood is leaving

the chest. These observations strongly suggest that the impedance
waveform has complex origins - some of which at present are
obscure,

Thus, in its present configuration, the impedance cardio-
gram is not a suitable clinical tool because the possibility
exists that the information obtained at a critical instant might
indicate good cardiac function when the cardiovascular éystem
was in a state of collapse or vice versa. However, the overall
good to fair correlation between conventional and impedance
stroke volume indicates that the impedance cardiogram, even in
its present configuration, may be useful in special circﬁm—
stances; e.g., space flight if proper weight is given to the
limitations of the device. Much work, however, remains to be
done to transform this fascinating gadget in%o a reliable

medical tool.
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TABLE 1
ANIMAL DATA
Stroke
Velume
Vs. Al
Impedance #L #2 #3 #h #5 #6 ALl =1 Range
SV M 0.093 0.910 0.470 0.643 0.918  0.719 0.245 0.682 37-2 ml
HAP 0.030 0.359 O0.412 0.368 0.566 0.736  0.379  0.458  179-10 mmilg
HR 0.417 0.133 0.532 0.154, 0.062 0.498 0.379 0.325  242-60 beats/min
5YS 0.016 0.467 0.420 0.508 0.670  0.696  0.382  0.497  220-30 mdg
DIAS 0.058  0.281  0.4,01 0.289 0.468 O0.748  0.366  0.425  152-5 mmHg
Stroke
Work 0.025 "0.560  0.39%4 0.674  0.815 0.783 C.307 0.676 3221-67 Gm/m
dP/dt 0.226 0.257 0.6 0.043 0.313 0.058 0.112 0.178  6450-181 mHg/sec.
dv/dt 0.17, 0.358 0.059 0.337 0.550 0.131 0.109  0.189  14200-710 cm/sec®
dP/dt-
dv/dt 0.115 0.294 0.019 0.241 0.299 0.042 0.060 0.146
TPR 0.210 0.347 0.005 0.258 0.310 0.571 0.089 0.060  164-12 R.U.
az/dt Vs. ' _
dP/dt 0.109 0.567 0.164, 0.120 0.631  0.587 0.34,3 0.411
dv/at 0.176 0.685 0.727 0.706 0.807 0.654, 0.314 0.381
dP/dt -
dv/dt 0.146 0.659 0.590 0.556 0.60h  0.645  0.3,8  0.454
dv/dt Vs.
dM/dt 0.901  0.496  0.0L7 0.282 U446  O.664 D345 U232
Number 24 27 . 1k 20 23 136 108

-G9¢E-



TABLE TI

HUMAN VOLUNTEERS

S.V.

Impedance

vs. #4245 . #5  #6 47 A Ramge

S.V. Dye  0.654 0.69, 0.929 0.647 0.879 0.904 0.78, 0.562  125-25 ml.

MAP 0.397 O0.409 0.764, 0.233  O0.480 0.756  O.451  0.311  102-43 muHg

H.R. 0.190 0.085 0.577 0.010 0.752 0.705 0.396 O0.14,  102-51 beats/min

Stroke '

Work 0.550 0.566 0.9%0 0.461 0.795 0.870  0.703 0.509  12036-1225 Gm/m
dp/dt 0.389 0.509 0.881 0.590 0.860 0.886 0.571  0.433  1315-13]1 mmlg/sec
TPR 0.399  0.505 0.123  0.337 0.882  0.567 0.438 0.465  2909-700 dynes-cm-sec ”
S.V.% 0.654, 0.694, 0.929 0,647 0.879 0.904, 0.78,  0.750
dzZ/dt vs.  0.403 0.493 0.879 0.690 0.863 0.923 0.704  0.273

dp/dt
Number 13 16 12 7 9 10 10 77

19g
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Regression formula, Y= 10.5861 + =0.0397X
Paarson R = -0.093 Slope=—-0.040 Y iniercepi_- 10.586

Figure 1
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33, DOG »2

Stroke volume electromagnetic

Regression formula, Y=z 11154 + 1.3403 X

Pearson R=0.910 Slopes 1.340 Y intercept s L LIS
X conf lirsits  Upper 3 12,1417 Lower = 8.6666
Y conf timits  Upper = 17.6193 Lower = 12.5014

Figure 2
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DOG #3

Stroke volume electromagnetic

Regression formula Y= 11,1485 + 0.4412X
Pearson R = 0.470 Slope=0.441 Y intercept=11.149

Figure 3
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X conf limits Upper = 19,2433 Lower = 14.3424
Y conf limits Upper = 28.3607 Lower = |7.0976

Figure 4
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DOG #5
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Stroke volume electromagnetic
Regression formulo, Y= -2.6474 + 1.5103X
Pearson R=0.918 Siope = [|.510 Y intercept = -2.647
X conf limits Upper = 10.3445 Lower =  7.5455
¥ conf limits  Upper = 13,1646 Lower == 8.5604

Figure §
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Stroke volume electromagnetic

Regression formules, Y= 1,8042 «0.8726X

Pearson R=0.719 Slope = O.BT3 Yintercept= 1.804
K conf fimits  Upper = 17,2382 Lower = 12,1009
Y conf limits  Upper = {i7.7242 Lower = | 1.4858

Figure &
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49+

Stroke valume electromagnetic
lRe&qression formuta, Y= 4.8258 + 0.9144 X _
Pearson R=0.682 Slope= 0.914 Yinlercept= 4,826

X conf limits  Upper = 12.3186 Lower = 10.1925
Y conf limits  Upper = |5.5421 Lower 13,6926
Figure 8
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SUBJECT #1

173+ °

Stroks voilume impedaonce

Stroke volums dye

Regrassion formuls, Y+ 46,8561 « |.0264X

Pearson R +0.684 Slope = 1.026  Vintercapt = 46.836
X conf limits  Upper 73,1349 Lower » 545574
Y cont limits  Upper »126,93083 Lower = ST.79T8

“Figure 9
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SUBJECT w2

166 -1 .

Stroke volume impedance

Stroke volume 'dye

Regrassion formula, Y= 44,8327 4 0.807T2X
Pearson R =0.694 ° Siope * 0.807  Yintercepl = 44,933

X conf limils  Upper = 92,2688 Lower = 68.358%
Y cont limits  Upper =123, 6663 Lowar = 96,8860
Figure 10
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SUBJECT w3

Stroke volume dye

Regression formula, Y=~(5.1600 + {.52056X _
Pearson R =0.929 Siops = [.520 Y intarcept= 15,160

X conf limils  Upper = 76.5846 Lower = 56.582|
Y conf limits  Upper 3102, 4568 Lowsr = &£3.702|
Figure 11
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Stroke volume dye

Regression formuia, Y= 19.0493 +0.5588X
Peoraon R 30 647 Siope = 0.559 ¥ intercept = [9.049

~ X conf limits  Upper s||7.4875 Lower = 94,2267
Y conf imids  Uppar = 88.2 163 L.ower = 681250
Figure 12
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SUBJECT &5
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Stroke volume dye
Regression formula, Y= ~|.0677 « 1.3276X

Pearson R:0.879 Slope = 1.328
X conf iimils  Upper = 91,9817
Y conf limita  Upper =123, 85851

Figure 13
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SUBJECT #6

Stroke volume dye

Regresaion formula, ¥ =» 24,0468 + 1.0869 X

Pearson R=0.904 Slgpe = 1.097  Yintercept = 24.047 ’
~ X conf imits  Upper » 49,6006 Lower s 32 5994
Y conf limits  Upper » 79 4486 Lower = $8.8105
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SUBJECT 7

Stroke volume impedonce

49+
46 _ '
Stroke volume dye

Regression formulo,’ Y = 22,1895 + 0,6331X

Pearson R=0.784 Slope = 0.633  Yintercept = 22.189
X conf Himita  Upper = 752792, - Lower» 58.5208
Y cont limits  Upper » 71.3120" Lowsrs 87,7808
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ALL HUMAN SUBJECTS
)

Stroke volume dye
Regression formula, Y3 42.1270 + 0.6998X

Pearson R30.562 Slope = 0.7C0
X conf limits  Upper = 75.9046
Y conf limits  Upper = 98.2225

Figure 16
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CARDIAC OUTPUT FROM TRANSTHORACIC IMPEDANCE VARIATIONS,
REVIEW OF EXPERIENCE WITH HEAIT PATTENTS
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It is easily shown that the electrical impedance fluc-
tuations measured acroess the thorax are related to heart
funeticn. As they are readily obserwved., researchers haﬁe
questioned whether these changes can be used as the basis of
an indirect measure of cardiac output (CO} or strcke volume.
The data and results of this paper indicate that it is pos-
sible, strictly empirically, to show a close correlaticn
between‘measures of.CO obtained from changes in transthoracic
impedanee and those obtained by standard procedures involving
‘heart -catheterization, for adult hearf patients.

Some experimental work has been reported of attempts to
make this correlation on man, but the results are ambiguous.
The results reported here appear to be signifidantly better
than thoée previously cobtained. As a further censéquence of
this study, it may be hypothesized that the problem of quan-
titatively associating thoracic impedaﬁee changes to blood
flow is partly one of interpretation, possibly more so than
one of specific equipment or electrodes. The purpose of this
paper is to review what we are doing to interpret the impedance
* waveforms and the improvement that this has made in our attempts
to predict CO in man. A brief descriptionxof the plethysmograph
for recording thé'impedance variations and the procedure is
appropriate however.

Two'paivs of electrodes are pl&ced'afeund the neck and
.lower fhorax, as shown.ih figure 1. _A_COhstant'current of
aboﬁf S_ﬁa. at 100 kHz is pésséd between the twq egtreme‘elec~

trodes and a changing voltage is measured across the inner
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pair, thereby reflecting a changing thorécic (basically re-
sistive) impedance (1). Records c«f the impedaﬁce.changes are
obtained while the subject is lying on his back and during
quiesent breathing. 3troke volume is calculated using a
double slope extrapolation of the~wavefo£m;during the systolic
interval of each heart cycle. Thus AR, obtained as shown in
figure 2, utilizes the rate of dhange.both during ventricular
systole and early diastole., This valué of AR is substituted
into the equétioh | |
02

Py
=

SV =

where p, - resistivity of blood (150 ohm em.),
% - separation distance of inner band electrodes, .
R - average balance resistance,

AR - extrapdlatédichange of resistance during the
cardiac cycle, figure 2,

Cardiac outﬁut is determined from summing individual stroke
volumes recorded over one or more comylete respiration cycles
and converting to units of liters per minute. | |

- The subjects for the study consiéted entirely of adult
male and female cardiac patients undergoing ﬁeart catheter-
ization. Both indicator dye dilution curve (IDC) and Fick
procedure determinations of CO were made rdutinely, to which
values from the impedance variatiohs'were compaféd. The patient
subjects were unselected;except fo'exclude'thése with shunts,

and represent a variety of heart disease.

4
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This study utilized data from 67 patients, The protocol
varied with each patient, but, in gemneral, multiple deter-
minations of CO were made by the IDC techn:Agque and usually one
Fick determination during a control pex*ioci. Subsequently, addi~
tional IDC measurements were made during patient exercise,
Pharmaeological intervention, the applicationof a leg tour-
niquet or a dextran infusion. Thoracic impedance‘recor'ds Wwere
made coincid_ent with each CO determination by the IDC or Fick
procedure.

If a plot is méde of CO per pafien.t as meés.ured by -the IDC
or Fick procedure versus the value predicted from the trans-
thoracic impedance record, the result is a distribution of points
throughout the first quadrant not unlike that reported earlier
by ourselves and others (1-3). But one cam Juestion :Lf the
impedaﬁce waveforms have chéracteristic_s which allbw"gr'auping
.of patients and therefo.re, strietly empir*i.cally., leagd to a
significantly better correlation. Three oDPSeryations make this
question a reasonable one to ask.

1. We found that when patiehts had data which did not correlate
close, we could .n'ot'. identify these patie.nts With any obwvious
factors such as diagnosis, sex,fthor"arci'c dimensifons;,& palance

resistance, etc.

2. We noticed that the thoraci-c‘.impe_dancé base 1ine change -
‘with respiration __p"»_:‘as .hig'hly vériable, bo‘th""f"o'r!.*éne patient over
the .course of an ex.per*i.me.nt ahd_be'tween 'p._a"tiéﬁts._' This 'phenpm;.
en.on,; however, didn't seem to ide-n't.if.y--_wj_.th conreia-ting af '..ng;a_-'. |

‘correlating data..

g -

o o At it b
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3. The impedance yaveform Ffor a single heart cycle is quite
repetitive oveY asequence Of heart beats. However, for longer
periods, from a fejminutes +to hours, the waveform may change
dramatically, apparently as +the tone of the patient's cardio-
vascular system changes. 'i'he waveform also changes significantly
among the vari ety of patients we worked with, but again there was
no obvious coxr~relation between nominally typical and atypical

waveforms in -the crrelation of cardiac output data.

This third obs ervation is i llustrated by the waveforms shown

in figures 3 andl fer comparison to the waveform in figure 2.

A multivariate ;i-near diS_criminant analysis .w-as used to
determine if cha-naetei"istics of -the' patient and the impedance
wavefor'-m' could be ysed to allow or identify patient grouping
based on theix data cO’rre.la‘tiOn. For tests of the discrim-
inant anaiYsis’ s the pa’tient a,_ﬁd the impedance waveform recorded
during the _.c_o:_r_l‘tml plémi_éd wer'f.a fcored fof the tests or measures

shown in Table L. Average test values were used so that each

Table T
PATIIND AND TMPEDANCE WAVEFORM TESTS |
' For DPISCRIMINANT ANALYSIS L
1. AR . ' . 3. Heart Rate | . J
2. Systoldc Interval ' 4, Electrode Separation g
5. Negative sS1ope (Systolic Interval)

6. Positive slope (Early Diastole) o
7 « . Theracic Balance Resistance : :

8. Maximm to Minimum Change in R
' during the Heart Cycle

patient record had s set of 8 scores obtained during the control | .

€O determinatdions, The 1inear regression line was found for
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the data. The spéce arouynd i1t was divided by parallel lines
at distances of one sStandard deviation, thus allewing the
patient data to falll within one of four groups. The discriminant
analysis was then pevriomed on these patient data groups relative
to the waveform test scopes to determine a basis for classifying
patients with these Waveform test scores into the respective
groups. After reclassifying all patient waveforms, the data
were multiplied by abppropriate factors so that each'gr'oup was
centered about a undit slope 1ine +through the origin.

It is necessax-3’ to recogniZe two serious problems of a
correlativé study b € tween any two diésimilar methods of mea-
suring cardiac output® inman, First, the generally accepted

standard procedures s Using an IDC or the Fick procedure, are

of unknown accuracy for individual measures. Furthermore, these

procedures do now show g completely satisfactory intercorrelation
of simultaneous det-erinations. Any evaluation of a third method
must be madé rec-og‘nizitng the accuracy or inaccuracy of these
standard methods. Second, there is a fundamental problem of
data presentation. Simply cgmpé.rimg correlation coefficients
or any other single Statistical measure of data is only partial-
ly descriptive. To this point, we havé used a statistical param-
eter as well as a wisual one in' discussing our results.

Figure § is s¥1OWi for reference, plotting Fick C"J deter-
minations versus 'IDC'v.alue“s. One item ef data -a~1$pe‘ars‘ for
each of 25 patients taken d:ﬁr-ing_ the contlrbl period of the
catheterization. ‘The genter 1ine is drawn at 45°, indicating

perfect cerre'la’t':icéaﬁ- The Other +wo lines are'c;_l:rawn for a *20%
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deviations from the 45° line but without Preference for a
standard. The 20% tolerance lines appear insupsequent figures,
The standard correlation cbeffi_cien’t here iS.[].915 with 88% of
the data falling within or near the 20% t©lepace linés (a
visual parameter). These data are typical of gimilar work
performed in other labs.

Figure 6 shows the plethysmographic vergys IDC data from
67 patients - afte_r the waveforms were teSTed, a bagis for
diserimination estéblisﬁed, the data recl a@ssified, and CO ad-
justed as to the results of this reclass A fleation. The cor-
relation coefficient here is 0.84 with 92% of the data within
the 20% tolerance lines. 67% is lower t1han §7% as the class
group limits were tighter than 'the 20% tolerapee lines .

- If patients are excluded when we hawve I‘eason to suspect
t-heir plethysmographie records as being gg¥Ossly atypical or
problematical, the corresponding results for s pew discriminant
analysis, a new basis for classification , Ielassification,
ete. are shown in figure 7.

The questién. of repeatability of the Inpedance estimates
of cardiac output was cc‘:ns_iefed by e.xamining d.uplica'te values
o.bta‘ine.'c_l from IDC's .and corresponding pa iTs fpém the impedal_nce'
c¢hanges. Figure 8§ shows data fop duplica'te _de-temina‘tions
from IDC's and figure 9 for the same dup Jitite determinations.
from the impe-'dance records.

The 1nformatlon shown in flgures 5=9 is symarized ln
Table II The compar:.sons of the plethyﬁmogr\aphle values Wl‘th |

those: determined by the best standard me -thods. avallable appear



equivalent to the comparisons between the two clinical or

standard methods.

Table IT

SUMMARY OF CO CORRELATIONS

Amount Correlation Percent Within or

Corpelation of Data Coefficient Near 20% Lines
Pick/IDC 25 .95 . 88
ETP/IDC
ALL RECORDS
ETP/IDC
EXCL. POOR
RECORDS
DUPL. DETER. .. | _ |

EIP 61 _'93 . 97
DUPL., DETER. te .87 98

IDC

Plotted in figure 10 for both techniques are the normalized
" differences between the maximum and minimum value of CO output
from the multiplé determinations made during the control phase
of the catheterization. If CO were indeed constant during the
control phase &nd.thé IDC measufements showed no random vari-
ations while the impedance predicted values did, then.these

data would appear as points distributed along the ordinate. If
‘both techniques were equally accurate and had ﬁO'random varif
ations, but CO was fluctuating, tﬁése,data-would appear along a
straight line in the fipst’quédraﬁt;  The scatter of data éeen

here ifidicates that in combination with randomness of actual
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CO during the control phase, the randomness of the two measure-
ment techniques is about equal. This leads to two important
conclusions. First that there is an inherent maximum level of
correlation that exists for these data, and second that there
is a hazard in attempting to perform correlation studies based
on only a few cardiac output measures per patient. This figure
shows that a maximum/minimum difference of individual deter-
minations can reasonably be expected to be equal to the average
value of a sequence of determinations.

Figure 11 is a plot of results for changes ih co induced
during the catheterization procedure. The calculation of the
Plethysmographic value was the same as that used for the patient
during the control phase. Considefing these data in the context
of the previous shown ¢oprrelations and the errdrs in the standard
procedure, one could conclude that the correlation is about
maximum. Or, alternately, to expect these data to have a tol-
erance much less than 1 liter/min. by eifher method would seem
hard to justify.

In summary, these results are baséd on 526 separate deter-
minations of CO from transthoracic impedance changes and a like
number by standard methods. They were obtained from 67 cardiac
patients representing 12 primary disease states and many more
primary/secendary combinations of diseases. We have some evi-
dence to support this number of patients as being statistically
significant for the discriminant anaiysis used. Admittedly,
reclassifying the same patients that established the basis of
the classification is biaééd, but only additional'datancan re-

solve this point.



It is necessary to note that these results are given
specifically for the procedure ocutlined. One could reasonably
ask if they are representative, for example, for other or less
waveform tests, healthy subjects, different electronies, alter-
nate electrodes or electrode placement, or a variety of subject
positions. The effects of modifying the proecedure are unknown,
however, and would appear to be verified only by additional
statistical significant studies.

Finally, assuming that our sample is statistically sig-
nificant, we have shown that eardiac output can be predicted
for heart patients by a non-interventive electrical impedance
plethysmographic technique with an accuracy apparently as good
as that of ‘'reference procedures. The implications of this are

manifold.
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Figure 1 Electrode placement and plethysmograph.

The thoracic electrodes are constructed of 2.5 cm. wide
metalized Velcro (American Velcro Company sewed to an
elastic backing. Stainless steel cloth folded to a
width of 1 cm. and sewed to an elastic backing forms
each of the neck electrodes. To reduce the electrode-
skin impedance, electrode paste (Translyte, Med-
tronics, Inc.) is applied to the bands prior to
applications.
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Figure 2 Typical transthoracic impedance change
during a heart cycle, indicating the measurement
of AR, The EKG and PCG are also shown. Impedance
increasing upward.
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Figure 3 Transthoracic impedance waveform vari-
ations obtained from three different female sub-
jects with mitral insufficiency.
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Figure 4 Transthoracic impedance waveform
variations obtained from one female subject
with aortic insufficiency, separated by

200 minutes and by 12 minutes,
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Figure 5 Correlation of CO determined by the

Fick procedure and from IDC, obtained during the
control phase of the catheterization and generally
within a 10 minute period. Two additional points
are beyond the edge of the plot, one outside the
tolerance line.,
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Figure & Correlation of CO determined from
impedance records and from simultaneously re-
corded IDC. Values for each axis are the average
of at least two repeated determinations during
the contrel period, usually made within 10
minutes. Points indicated by triangles represent
experimentally questionable data (see text).
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Figure 7 Correlation similar to that shown in
figure 6 but excluding subjects with impedance
records which could reasonably be suspect as
grossly atypical or problematical.
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Figure 9 Duplicate values of CO determined
from impedance records, taken simultanecusly
with data plotted in figure 8.
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Introduction

The search for an atraumatic method to measure cardiac stroke
volume goes back to Max Cremer who in 1907 recorded the motion
of a beating frog heart by electrical capacitance changes between
two condenser plates (1). This observation that the beating
heart can be monitored without touching a sensor was applied to
man by Atzler and Lehmann 25 years later (2). They placed elec-
trodes in front of and behind the chest, and noted that capaci-
tance fell with the emptying and rose with the filling phase of
the heart as timed by the electrocardiogram. They were familiar
with Cremer's observation and called their method "dielectogra-
phy." Currents of very high frequency were used by Rosa in
1938 (3) and by Nyboer in 1940 (4)3; therefore, the term "radio-
cardiography™ was used. Cardiac impedance pulses were also mea-
sured between limb electrodes by Holzer, Polzer and Marko (5),
who published a comprehensive monograph under the title of
"Rheocelectrocardiography" in 1945. Whitehorn and Pearl (6) re-
corded capacitive pulses in 1949 and tried to calibrate the
method by introducing a known volume of saline between the con-
denser plates. Preliminary experiments with an alternating cur-
rent bridge were performed by Mann in cooperation with C. P.
Steinmetz as early as 19193, but it was not until the end of the
Second World War that improvements in electronics permitted de-
velopment of an instrument which was sensitive only to changes
in‘capacitance. When this "capacigraph" was connected to elec-

trodes on the thorax, the resulting curves corresponded to the
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systolic expulsion of blood. In 1951 Mann concluded that the
height of deflection, the rate of rise and the shape of the

curve offered a safe, simple and reproducible method of studying
cardiac dynamics in clinical practice (7). Provoecative record-
ings of resistive and reactive impedance pulses from electrodes
on the limbs and the chest were published by Nyboer in his
authoritative book (8). He observed that the reactive component
over the limbs was minimal, whereas he found it quite substantial
over the chest.

Considering the fact that atraumatic determinations of
heart volume started with measurements of capacitance half a
century ago and has held sporadic interest since then, it is
a sad commentary on the short memory and provinciality of ocur
time that original observations made in non-English speaking
countries some years ago, were not re-examined with modern elec-
tronic and medical methods.

In this experimental study we have made an initial attempt
to fill this gap. This endeavor was greatly facilitated by
the detailed and extensive reports to NASA by Kubicek and his
co-workers (9,10,11) at the University of Minnesota on the
resistive chest impedance changes in health and disease. These
indefatigable investigators have, for the first timz, correlated
such indirect electrical measurements with stroke volume de-
terminations by the green dye dilution technique and thus have

made a comparison of various approaches possible.
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Methods

Fourteen greyhound dogs, weighing 25 to 35 kg, were given
intramuscular injections of Propiopromazine hydrochloride#®
(0.5 mg/kg) and Quinidine (3-4 mg/kg); 30 minutes later the
dogs were anesthetized intravenously with sodium pentothal#®#

(30 mg/kg). One common carotid artery and one jugular vein

were exposed for catheterization of the left and right ventricle.
Total cardiac output, including coronary flow, was determined by
injection of indocyanine green dye into the right ventricle and
by the dilution curve in the blood withdrawn from the left ven-
tricle. The electrocardiogram recording was used as a cardiac
event marker. A large cannula was placed in the vena cava in-
ferior via a femoral vein to allow rapid blood voelume changes.

In order to alter stroke volume, rapid hemorrhage and
transfusion were performed in 6 experiments, catecholamines
were administered in 8 animals, myocardial ischemia was pro-
duced in 4 experiments by the intracoronary injection of micro-
beads and the body temperature of 7 dogs was lowered by ice
immersion to about 30°C in order to change stroke volume at a
lower heart rate. Because of the uniformity of the results,
separate treztmernt of the data of each procedure will be omitted.

Four aluminum foil electrodes (2.5 x 2.5 em) having thin
wire leads were coated with ECG paste and attached by masking
tape to the acetone-cleaned body surface (Fig. 1). To monitor

impedance changes in the chest, one current input electrode

*Tpanvet, *%Diabutal, Diamond lLab., Inc., Des Moines, Iowa.
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was placed above the sternal notch (one-third up the neck) and
the other below the xiphoid process on the lower abdomen. Two
voltage-sensing electrodes were placed midline on the sternum
at the estimated level of the apex and base of the heart. The
skin over the sternum had a minimum of motion transmitted by

the heart. A low, non-stimulating, current of 37k Hz (Hertz
now replacing cycles per second) with a constant peak amplitude
(2 ma rms) was applied, and the peak voltage produced by that
current on the chest was measured. Since impedance has both re-
sistive and reactive components, we measured a voltage related
to current. In a model this voltage can be represented by the
sum of a resistive and reactive (90° out of phase) voltage

(Fig. 2). When this separation of voltage is done electronically,
it is possible to monitor the resistive or reactive electrical
impedance.

A simple electronic addition was designed to convert our
total impedance change measuring instrument (Physical Instruments
Model 450B-1A Rhoencephalograph) to a resistive or reactive im-
pedance monitor. Instead of separating the measured voltage
into components, it was added to a resistive or reactive voltage
at least 10 times greater than its amplitude. By reading only
+he peaks of this voltage (as ocur basic instrument was designed
te do) only the component of the measured voltage in phase with
the added voltage was measured; the other (or out of phase)
voltage was zero while the measured voltage was at its peak.

The efficiency of this circuit in isolating resistive and re-
active impedance phases was tested with resistive and capacitive

pulses. The circuit (Fig. 3) funections as follows: constant
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current from the instrument, via the input electrodes, passes
through the subject and a series 100 ohm resistor or capacitor
(100 ohms at 37 k Hz). The transformer, electrically in paral-
lel with the resistor or capacitor (depending on the mode in
use), adds the voltage across the input series load with the
voltage across the subject pickup electrodes. These two vol-
tages add together in a vector fashion so that the instrument
sees a voltage whose peak value is either mainly resistive or
reactive. Therefore, the ingtrument reflects the resistive or
reactive changes across the chest of the subject according to
the choice of either resistor or capacitor (switch Sl) in series
with the input current. This is possible since the subject pick-
up voltage is less than 10% of the voltage across the saeries
load. There is no appreciable voltage loss across the trans-
fsrmer or across the pickup electrodes using the proper pickup
electrode size and transformer load. In order to preserve
electronic integrity, the impedance of the transformer from

the voltage pickup side and across the subject pickup electrodes
should be less than 5% of the measuring instrument input im-
pedance. In our studies this requirement was met; our instru-
ment's voltage input impedance was 30k ohms at 37 k Hz and the
impedance directly into the pickup electrodes was less than

600 ohms. The sequence of electrode connections is important
since a reversal of eithercurrent or voltage pickup electrodes
will reverse the phase between the discriminating voltage and
the sensed voltage and thereby reverse the polarity of the

measured signal. It is therefore necessary to
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short-circuit the subject voltage pickup electrodes to deter-

mine the direction of decreasing reactance on the recorder.

RESULTS

Both the resistive and reactive impedances are reduced
during systole, but the resistive rheogram has a more com-
plex shape (Fig. 4) and has its maximum change shortly after
onset of systole. While the illustrated amplitudes are about
equal, the ohm value of the resistive cardiac rheogram is usu-
ally three times greater than the reactive rheogram.

The differences between resistive and reactive rheograms
become apparent when stroke volume is being changed by hemorr-
hage and transfusion. In one such experiment the relation
between rtroke volume and resistive rheometry was poor, while
the correlation between stroke volume and reactive rheometry
was excellent (Fig. 5). Therefore, only reactive impedance
measurements were continued. The time relation between the
reactive rheogram, electrocardiogram and pressure tracings
corresponded with the emptying and filling of the heart (Fig. 6).
The reactive rheogram first decreased between the R and S wave
of the electrocardiogram and reached a minimum during the T wave
of the eleqtrocardiogram or about the time of peak ventricular
pressure. The rheogram preceded the aortic pulse during systole
which suggests that it does not originate in the peripheral
pulse., The amplitude of the reactive rheogram reflected the
induced changes of stroke volume as determined by the green

dye dilution technique (Fig. 7) and in the individual experiment
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the agreement between these two measurements was catisfactory
(Fig. 8).

Then the absolute values of 129 stroke volumes in ml and
rheographic amplitudes in mm in 14 experiments of this kind
were plotted and a close correlation was found over an extreme
range (Fig. 9).

To determine the absolute reproducibility of reactive
rheometry from dog to dog, the same data from these 14 dogs
was analyzed statistically (Fig.410). Stroke volume varied
from 8.6 to 108 cc, pulse rate from 56 to 227 per min., and
cardiac output from 1.0 to 8.4 liters per minutes., The cor-
relation coefficient between stroke volume and rheometry was
0.91 and the standard deviation from a best fit line on a
log-log plot was 19%. The slope of the best fit 1line was 0.53
milliohm per ml. There was a slight inverse relationship be-
tween the amplitude of the rheogram with pulse rate which could
not be ascribed to the frequency response of the equipment.
Over the range of 56 to 227 beuts per minute, the amplitude
decreased 0.09% per beat. This correction factor was not in-
corporated into the evaluation since its correlation coeffi-
cient was only 0.22 due to an insufficient number »f points

for the data spread about a perfect line.

DISCUSSION
To our knewledge this is the first study of reactive im-
pedance changes and quantitated cardiac stroke volume. The

difference in electronic technigue between this and other
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studies may account to a‘large extent for the higher correla-
tion observed by us. We have derived empirically a midline
placement of electrodes to minimize motion artifacts.

Light tapping of each electrode with a pencil did not
produce mechanical artifacts on the reactive impedance pulse.
Since midline placement of the electreodes minimized respiratory
movements and the transmitted pulse, monitoring of deep im-
pedance changes may have been facilitated. However, there is
no evidence that the measured impedance changes are confined to
the circulating volume between the voltage sensing electrodes.
Helmholtz calculated that "currenf" and "pickup" electrodes in
such a system could be interchanged without altering the mea-
surement (12). We have confirmed this observation with elec-
trodes recording the impedance pulses over the head (13).

This demonstrates that volumes common to both pairs of elec-
trodes are monitored with four lead systems.

With the chest electrodes, a slight change of the voltage
sensing electrodes up or down the sternum had little effect on
the reactive impedance measurement. However, as current and
voltage sensing electrodes were placed closer together the
electrodes became sensitive to mechanical motion. This indi-
cated that close proximity of the electrodes included the body
surface in their field of measurement.

The source of the large reactive impedance pulse over the
chest is not yet known and controlled experimental studies

are indicated to find its cause. At the same time applied
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investigations in man should be conducted to define the optimal
size and placement of electrodes for simultaneous resistive and
reactive impedance measurements which correlate with stroke
volume determinations.

In the past this field has been hampered by a plethora of
theoretical calculations, on the one hand, and by clinical
empiricism on the other. Impedance pulses of all amplitudes
and shapes can be recorded easily and safely, however it will
require sustained and disciplined enthusiasm to convert this
fascinating biologiczl phenomenon into a reproducible quanti-

tative and predictable method in clinical medicine.

SUMMARY

An indirect method to measure cardiac stroke volume using
electrical impedance methods with electrodes on the body sur-
face of anesthetized greyhound dogs, was developed. The
amplitude of resistive and reactive impedance pulses was com-
pared with the stroke volume calculated from cardiac output
determinations using the green dye dilution technique. The
reactive impedance pulses reflected the stroke volume changes
more accurately and therefore were used in this study. In 14
dogs reactive impedance changes were compared with 129 dye
dilution determinations over a wide range of stroke volumes
(9 to 107 ml) produced by hemorrhage, trandfusion, hypothermia
and drugs. The correlation coefficient between the two methods
was 0.91: the standard deviation from a best fit line on a
log-log plot amounted to 19% and 0.53 milliohm corresponded to

one ml of stroke volunme.
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Introduction

Scientists interested in clinical investigation have been searching for
a reliable, physiological, simple-to-use method for measuring quantities
of blood volume delivered to biological tissue. The classical approach to
measurements of segmental blood flow has involved enclosure of the
1 2

examined segment in a chamber filled with air or water; thermistors,
3

photoelectric sensors, and oscillometric indications of vascular dymamics.

More acute and chronic preparations have involved flow probes positioned
5.6

4

around vessels, the injection of radioacrive material and contrast dye into

the bloodstream and the detection of the decay of radioactivity with externally

positioned sensors or the rate of volume dilution in subsequent withdrawn
7

blood samples. All of these methods have advantages and disadvantages.

No method has been completely ideal for the clinical investigator or the
experimental biologist in a laboratory environment, and few methods are
applicable to a wide range of measurements in the space environment.

Each of us has evolved a scientific compromise.
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* Presented at the First Symposium on Impedance Cardiography,
NASA Manned Spacecraft Center, Houston, Texas, June 2, 3, 4,
1969.
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The principles which describe biological volume conduction are
common to the history and understanding of electrocardiography, ’
and the condactive properties of biological segments have been used as
a technique for indicating vascular dymamics for nearly forty decades in
this country. From the capacitance bridge designed in Huber Mann's
laboratory in New York in the early thirties, ’ to the present Minnesota
impedance cardiograph, 10 we have witnessed the historical deveiopment
of electrical impedance plethysmography with many years of interrupted
investigative effort interspersed with enthusiasm and further advancement.
Progess in our form of nondestructive testing has been conditioned by
individual compromise and the inventiveness and visionary influence of
bioengineering talent.

The basic principles of biological impedance plethysmography as
suggested by Dr. Jan Nyboer in the late 1930's have proven to be valid
and his most recent investigative efforts have certainly provided more
justification and credulence to his pioneering efforts which were designed
to conceptualize impedance plethysmography as a practical and harmless

11, 12
biological measuring system.
During the past twelve years, I have gained historical perspective

from the early work of Nyboer and others, and we are witnessing the

results of new approaches to diagnostic medicine, biological science,

4]
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and I believe an even wider application of impedance plethysmography

to aerospace medicine as exemplified by the work of Geddes, Bakei,
13, 14, 15

Kubicek, Kinnen, and many others,

We are presently considering the suitability of biological impedance
measuring techniques for studies carried out in the earth-bound laboratory
envircnment and, more directly, the evaluation of biological pararneters
in the dynamic environment related to human activity on earth and in space,

Impedance plethysmography embraces many facets of biological
dynamics, and [ would like to review some findings which I have observed
in the application of impedance plethysmoéraphy and emphasize those areas
which I believe have great promise in terms of the dynamic environments
consistent with aerospace medicine,

I would like to discuss the applications of four electrode impedance
plethysmography in studies related to: 1) cardio-pulmonary dynamics
of ventilation, stroke volume and cardiac output; 2) blood volume dis-
tributions during weig‘htlesgness and changes in body posture; 3) measure-
ments of peripheral pulse volume and blood flow with particular reference
to environmental factors influencing these measurements; 4) the effects
of age and changes in blood pressure on recorded peripheral blood pulsc
volumes; 5) measurements of kidney area blood pulse volume; and
6) the concept of silhouette studies using impedance plethysmography
in the unconditioned healthy subject and the subject exposed to environ-

mental and pathological stress.
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The measurements which I will describe have been obtained
16
with a Bagno four electrode impedance plethysmograph  with fre-
quencies of 50 kHz and 120 kHz and electrode voltages and current of

120 mv and . Z5 mA respectively, The electrodes were 1/4" aluminum

strips applied to the skin following sparing amounts of ECG paste.

Card-io,puh_nonary Dynamics of

Ventilat_ic_m_i Stroke Volume and Cardiac Qutput

Previous studies have indicated a good quantitative correiation between
rical ventilation and four electrode impedance changes with electrodes
placed on the neck and posterior lumbar region for signal input (I} = I)
and detecting electrodes arranged horizontally at the posterior thorax

1
at the level of the 7th cervical vertebra and 12th vertebra. 7(Fig. 1, 2, 3)

The superimposed puisations synchronous with the electrocardiogram

have been quantitatively compared with dye dilution techniques for

18, 20, 21 :
measuring cardiac output in man (Table I) and with Fick dilution methods
in dogs (Table I'[)l.9 The correlation is reasonably good, although there
is a tendency for the impedance method to. overestimate other conveutional
methods. 1In a study on human subjects, lead strip markers were positioned
on the posterior thorax at the level of the 12th thoracic vertebra. This
position conforms to the position of the lower detecting electrode (Fig. 1).

The chest was examined radiographically during end expiratory position,

maximal inspiratory and maximal expiratory levels. The results indicate
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the significance of the position of the diaphragm when impedance changes
in the thorax are recorded. 22(}"?ig. 4). Obviously, if the diaphragm is
in the electrical field during apnea, the measured segmental resistance
between detecting electrodes Ey - E9 and the pulsatile conductive variations
represent changes which are difficult to define in terms of cardiac output
as recorded with the four electrode impedance method.
Previous studies before and after exercise using a bicycle ergometer
have indicated a reasunable correlation between ventilatory (Wedge spirometer)
and impedance spircgram tracings. When the subject held his breath before
and following exercise, the amplitude of the impedance blood pulse volumes
after exercise increased and suggests this non-destructive method as a
1
means of monitoring exercise studies. °
| Early animal studies indicated the superimposed blood pulse volume
changes recorded from the thorax were synchronous with pulmonary arterial
pressure, and I believe ti2 thoracic impedance changes recorded with
23, 24
chest electrodes are characteristic of the pulmanary circulation.
Occlusion of the main pulmonary artery results in marked attenuation of
the thoracic pulses and the fact that there was not complete absence of
pul;sations may explain why impedance calculations are often higher than
those of other conventional methods. Presumably the pulses recorded from
the thorax following occlusion of the main pulmonary artery are related

to "thoracic cage' perfusion.
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| I prefer to speak in terms of pulmonary stroke volume and
pulmonary blood pulse volume changes, rather than the more conventional
systemic stroke volume and cardiac output. I believe there is more to

be gained from a physiological standpoint in the individual interpretation
of changes in separately recorded thoracic stroke volume and heart rate
changes than information derived from cardiac output alone which may
mask either one or the other of these parameters in terms of significant
variations.

Correlation with other thoracic dynamics, such as the pneumocardio-
gram and impedance blood pulse volumes recorded from the thorax,
provides ad&itional information concerning mechanisms of central cardic-

1 .
vascular function. S(Fig. 3) (Table III).

Position of the aluminum strip electrodes on calf segments and other

regions of rthe body permirs simultaneous recording of blood pulse volume

25
changes which may be interpreted quantitatively. (Fig. 6-7).

Comparison of impedance plethysmography with electromagnetic flow

meter studies, direct bleedout determinations, water-filled plethysmo-
graph chamber studies, ahd mercury strain gauge techniques on leg

| segments in experimental animals and man indicates that the four electrode
impedance plethysmograph system correlates within 7 per cent of other

26
conventional measurements with subjects at rest,
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Blood Volume Distribution During

Weightlessness and Changes in Posture

Previous animal studies revealed that as one increases the conductivity
of the thorax by introduction of blood or saline, recorded electrical base-
line (Ry) of the thorax between detecting electrodes changes in proportion
ro the volume of conductive media introduced into the thorax and therefore
suggests that the measured levels of thoracic electrical resistance (Rp)
will change in association with variation in blood volume displaced into
and out of the chest.

The mechanisms for cardiovascular responses to weightlessness
and increased gravitational stress have not been adequately explained
with particular emphasis on displacements of blood and potential myocardial
and vasopressor stress. Electrical impedance thoracic s.udies were
completed on a pilot during weightlessness in a jet aircraft on ten con-
secutive maneuvers. Detecting electrodes were positioned horizontally
at C~7 and T-12 and current input introduced to neck and lumbar
electrodes (Fig. 1). The electrodes were fastened under a retaining pad
incide a flight suit and leads brought out to a seven channel magneric

27, 28
tape recorder.

Impedance measurements of changes in stroke volume and shifts
of blood in and out of the chest were obtained during positive and negative

accelerarion stress. (Fig. 8).
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During a 3G acceleration, conductive volume was forced from
the thorax, correlating with a decrease in stroke volume and a
compeusatory increase in heart rate during this stress. These findings
are consistent with other studies carried out in a controlled laboratory
environment and designed to identify mechanisms of cardiovascular
response to positive and negative pressure breathing maneuvers, parti-

1
curlarly during valsalva and Mueller procedures. ’

In a tilr table study completed this past year on 90 private pilots,
measurements of central and peripheral blood pulse volume changes
during a standardized 15 minute 65° head up tilt procedure, revealed
a decrease in stroke volume of 25 per cent, a decrease of 7 per cent
in thoracic conductive volumes associated with an 18 per cent increase
in heart rate, a 30 per cent decrease in calf blood pulse volume, and

2
a 6 per cent increase in calf conductive volume (Fig. 9). ’

When contrasted with a group of 22 patients with diabetes mellitus,
who are prone to orthostatic hypotension, the tilt table stress resulied
in an average decrease in stroke volume of 42 per cent, a decrease in
thoracic conductive volume of 12 per cent associated with an 18 per cent
increase in heart rate, a 28 per cent increase in calf pulse volume, and

an 11 per cent increase in calf conductive volume. A decrease in conductive

volume in the thorax was associated with an increase in conductive volume



S e Rl s et e S e e e

~131-

of calf segments (Fig. 10). These studies suggest a measurement

of cardiovascular compeiency and circulatory fatigue, Heart rate and
blood pressure are the results of changes in central and peripheral
effects greatly aids in the explanation of the mechanisms of cardio-
vascular response to this test procedure.

Syncope has generally been thought to be due to a marked loss of
vasomotor tone in the peripheral segments. Simultaneous measure-
ments of central and peripheral vascular changes have not been reported
and it was interesting to observe the marked increase in calf conductive
volume preceding the subsequent loss of blood volume from the thorax
and the decreased stroke volume immediately prior to the syncopal episode
in one test subject. (Fig. 11 A-B).

Measurements of Central and Peripheral Blood Pulse Volume

And Blood Flow With Particular Reference to

Environmental Factors Influencing These Measurements

Perhaps of most significance in terms of evaluating any biological
system is the ability for the measuring system to follow physiological
responses to environmental changes.

Hypoxia is associated with a reduction in amplitude of pulmonary
blood pulse volumes and the impedance system has become a useful

measurement of physiological responses to this stimulus in terms of
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hypoxic, emphasematous patients breathing 100 per cent oxygen and
healthy subjects exposed to hypoxic environments. (Fig. lz)?OAgain,
emphasis must be given the importance of measuring total and segmental
thoracic changes and peripheral vascular responses simultaneously.

The impedance system has been useful and reliable as a measurement
of systolic and diastolic blood pulse volume changes in calf segments during
increases in environmental temperature, (Fig. 13), decreases in environ-
mental temperature,{Fig. 14),and changes in posture (Fig. 15). The results
have been consistent with findings of other conventional measuring systems
in a more physiological and unmodified manner. >

The Effects of Age and Blood Pressure

On Recorded Peripheral Blood Pulse Volumes

Characteristic pulse c'ontour changes have been identified with progressive

aging as well as those variations as?’sociated with early forms of peripheral
2

vascular disease and hypertension. Comparisons have been made between
electrical and mechanical methods for measuring blood flow in the calf
segments of healthy subjects in different age groups. (Fig. 16). The results
of the impedance system using the end systolic slope method for correction
of venous runoff are acceptable although the range of values between the
electrical and mechanical methods is variahle. It is difficult to ascertain

which method should be chosen as a standard reference. I believe it is

important to keep in mind that pilots age and develop peripheral vascular
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disease as well as other segments of the population (Fig. 17). In this
regard, it is also imperative to assess the peripheral vascular system

of cigarette smokers between the ages of 35 and 45 as a means of evaluating
early vascular dynamics heralding the onset of more serious vascular
complications.

Measurements of Kidney Area Blood Pulse Volume

One of the more recent applications of impedance plethysmography
'has been directed roward idenrifying variations in renal blood flow
related to remnal artery stenosis.

An impedance renogram is a record of changes in clectrical resistance
to high frequency signals which are introduced to electrodes placed on the
skin over the renal areas. Variations in the conduction of the signals through
these regions are directly related to the cardiac cycle and to the volume
of blood distributed to the renal areas during systole. Because the kidneys
are highly perfused with blood when comparced with the perirenal arcas, severe
unilateral renal artery stenosis is derecred by diminished conduction of the
signal and consequential reduction in the recorded amplitude of pulsations

33, 34
over the affecrted side (IFig. 18).

Typical records from a normotensive individual may be observed and

renal artery stenosis is associated with marked reduction (greater than S(1)

in amplitude of the pulsations over the affected kidney., (FFig. 19).
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In this particular case, the impedance findings were correlated with
an aortegram and the renal artery stenosis identified.

Vascular Silhouette Studies

Because of the applicability of impedance plethysmography to many
areas of the body, a new approach for evaluation of the regional vascular
system has involved construction of silhoueties based upon thesam-plitudes
of pulsations recorded from many areas of the body. (Fig. 2-0).-5

in the healthy subject, the silhouette is character‘ized by symmetry,
unlike the patient with peripheral vascular disease (Fig. 21) often associated
with excessive vasoconstriction in specific areas, or severe vascular
occlusive lesions in which case the silhouette contour identif.iés the area
of difficulty (Fig. 22 - 23).

I believe we need to emphasize the importance of the impedance
plethysmograph, not in an isolated sense measuring one particular area,
but rather as a total body volume recorder, perhaps using multisensors
in order to sample in a prescribed manner from those areas which are
particularly critical for the type of test procedure and environmental con-
ditions under which the subjects are being investigated.

I would not want to leave this discussion without bringing to focus
other organisms which may provide useful data urder a variety of environ-

27
mental conditions (Fig. 24).
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In a rather panoramic fashion, I have provided you with an outline
of some practical clinical applications of impedance plethysmography
in areas which I believe deserve further evaluation in terms of the
requirements in é;erospace medicine. The impedance plethysmograph
is not without limitations, particularly in terms of movement artifact,
as I believe we all can ét-tes-t; however, there are many instances in
clinical medicine, and I am certain in aerospace medicire, in which
movement of the subject is of secondary importance in terms of the
measurements which we wish to evaluate, particularly when one con-
siders that in many measurements, we do not require continual measure -
ments but rather samples of magnitude and rate of response in reference
to some control level. Applicability of the impedance plethysmograph
to subjects in the dynamic environment is an engineering design problem,
and I would not suggest that this requirement detracts from the usefuiness
of the impedance sensing devices, providing we apply a common sense
approach and can identify the physiological parameters of greatest
importance. At least, that is as I see it.

In summary, I would encourage investigative efforts in the direction
of the use of impedance plethysmography as 1 measurement of stroke
volume and cardiac dynamics., The system is useful as a measurement
of peripheral blood pulse volume in the controlled laboratory environment

and during flight. Measurements of calf blood pulse volume and blood
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flow are to be preferred because they are not attended by the same degree
of sympathetic activity characteristic of fingets and toes. The complexity
of the cardio-pulmonary system sexrves to encourage development of

a multisensor volume detector as a .meas-urement of segmental changes
during environmental exposure and, hopefully, one day we may develop

a wireless-whole body plethysmograph with selective segmental capabilities.
Thomas Jefferson once reflected on the news read in our daily papers --
he said he wished the material could be categorized into probabilities,
possibilities, fact, and lies. I have been conservative and I don't believe
I have told you any lies, and hope that I have stimulated thoughts that will

create additional success from the potential possibilities.



TABLE 1

COMPARISON OF CARDIAC OUTPUT DETERMINATIONS BY DYE DILUTION STUDIES AND IMPEDANCE

STUDIES DURING CONTROL PERIODS#*

#Jubjects horizontal in supine position

Subject. Age Height Weight  Chest Cardiogreen Impedance
{yrs) (cm) (kg.) Cireumference Cardiac Output Cardiac Output
(em) L/Min. (Pulmonary )
L/Min.
AT 24 160 B1 83 (1)1.25 (2) 1.6 (lj 1.11 (2) 1.05
~ SE 32 173 68 93 (1)1L.77 (2) 2.65 (1) 2.8 (2) 2.2 L
HE 21 175 75 93 (r)7.8 (2) 7.0 (1) 5.4 (2) 3.7 $
BO 22 175 75 9y (1)6.2 (2) 6.9 (1) 6.1 (2) 7.1
FE 21 178 70 97 (1)1.45 (2) 1.17 (1) 2.4 (2) 2.1
AM 25 175 75 101 (4.4 (2) 5.5 (1) .7 (2) 4.8
CR 28 179 80 1089 (1)4.6 (2) 4.5 (1) 3.7 (2) u,4
Mean 3.9 4.2 4.0 3.7
Std. Dev. £2.05  *2.4i 1.6 +1.79



TABLE T1

COMPARISON OF CARDIAC OUTPUT DETERMINATIONS BY THE FICK PROCEDURE AND

FOUR ELECTRODE INMPEDANCE STUDIES DURING CONTROL PERIODS (CANINE SUBJECTS)

Ficok Impedance _
Fick Calculated %
Cardiac Output Cardiac Output Diff.
3.090 3.100 3.2
3.750 3.200 i4.6
1.23 1.100 19.86
1.064 1.1.00 3.6
2.710 *.828 Y, 2
2,778 7. Thy 1.3
2.830 2.731 6.8
2.98Y4 2.395 2.1
3.090 3,500 1.2
3.750 3.600 4.0
. 210 . 810 3.6
1.11 .910 1.8
2.51 2.200 1.2¢L
2.60 2.300 1.2
.98 2.630 11.7
2.78 2,730 18.0

~8Eh-
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COMPARISON OF PNEUMOCARDIOGRAPH RECORDS WITH FOUR ELECTRODE IMPEDANCE PLETHYSMOGRAPH

:MEASUREMENTS OF THORACIC BLOOD PULSE VOLUME IN A HEALTHY INDIVIDUAL WITH BREATH

Name of Wave

a atrial

P'
Papillary
Muscle ,
Contraction
V'
Ventricular
Wave

P"
Peripheral
Pulse

V"
Ventricular
Wave

B R A SR L AR SR 18 G S abir o o

Direction

Neg

Pos

Neg

Pos

Neg

Phase

Pre-
systolic

Closure
Tricuspid
valve

Early
systole

mid-
systole

Late

Systole

ECG

Between
P and Q

R-8
Between
S-T

Beginning
of T

During T

el s 2T e Semaen b

HELD AT END EXPIRATORY POSITION

Heart Sounds

atrial
vibrations

firt sound

end first

sound

Between
1st & 2nd

Before 2nd
sound

Impedance Pulse

During diastole
Beginning Systole

mid systolic upstroke
peak of thoracic pulse

Tncisura
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Fig 1 Aluminum strip electrodes are fastened to the neck, the level of the 7th cervical vertebra
and the level of the 12th thoracic vertebra. Current is introduced into the outer set of electrodes

(11, 1l,) and variation in conduction of the current through the thorax is detected between (E,, Eg).
This system has been useful for recording ventilation and changes in pulmonary blood pulse volune.
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Simultaneous X-Y Recording of Puimonary Air Volumes
Measured by Conventional Spirometry and impedance Spirogram

impedance Spirogram (Liters)

Spirometer (Liters)

2/1/63 0G WM

Fig 2 Simultaneous X-Y recording of pulmonary air volumes
measured by conventional spirometry and impedance spirogram,
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Fig 3 Comparison of electrode placement for recording
ventilation and pulmonary blood pulse volume changes.
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Fig 4 Comparison of diaphragm position relative to lead markers positioned at the level
of the 12th thoracic vertebra during maximal inspiration (left), enu expiration (middle),
and maximal expiration (right).
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Simultaneous recording of electrocardiogram, phono-

cardiogram, thoracic blood pulse volume and pneumocardiogram

during held resplratlon in a healthy adult subject,



DYNAMICS OF IMPEDANCE PLETHYSMOGRAPHY

Recording

Calculations

Pulse Volume Recording

Calculated Bicod Pulse Volume and Blood Flow

Biological Segment

Rn
(Tonic Conductor)
Segment between Ey - E» = R
g R N

New Blood Volume (Systole) = Rb Rp

Change in Resistance =..R Ro

Calculated Blood Pulse Voiume (V) = R x/g__g_Z_

Calculated Minute Volume (. .V/ min= ".V x Heart Rate

Calculated Perfusion/Tissue Volume = ~.V'min x 100
(AV/min/100 ml Segment volure
Tissue)

Fig 6 Dynamics of Impedance Plethysmography
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l.eg Segment (20cm)

e JnJdn L

\ ) 20mm = |

Electrical — \/\ ,\ 0.15)

| - 43mm =
Mechanical- \'\/\\ ' Loml
AV ) pg’*_ Std Vol Pulse Vol
AV _ 150{400) mm L
113,676 1Oml = X
Sy 43 24
av : F"‘—?a? 23% (1.0)(27.:6)
Pulse Vol = 30
av = .523m|./pul'se - av o = 559 /Pulse
AV/min/100mi=2.54 ml/min/I00m|  4V/min/100ml = 2.69 mi/min/I00m|

Tissue | - - Tissue

Fig 7 Comparison of caleculated blood pulse volume and blood
flow in calf segments simultaneously with.a water-=filled
plethysmograph chamber (mechanical) and :meedance :
plethysmography (elactrical). The end systolic slope method
was used to corr'ect for venous runoff in both svstems

: '{:h}“‘ ,» e e LR T ',-*...‘-‘:' Cal :- . 1.



17 SECONDS
(IN TIME)

Average Changes for Ten Maneuvers
at Designated (G) Levels

I201

\//

Heart Rate
(Min)

60¢

34 ‘\_______\\\\\\

24

Thoracic Pulse
Amplitude {mm)

3 309
o
£F -
S - :ol
] 104 Qut of
= ’ Thorax
+1.0¢ Thoracic
g -  Blood
s = 0.0+ Volume
U: A
o ’ Into
-1.04 Thorax
N 1 ) 25 3
G < G G G

Fig 8 Measurements of heart rate, thoracic pulse amplitude,
respiratory rate and changes in electrical resistance of the
thorax (D.C. shift) on a pilot during parabolic flight maneuvers.
A self balancing four electrode impedance plethysmograph with
electrodes placed on the thorax (Fig. 1) was used to obtain

these measurements. (28)



“8

et s AP .

ECG

A

I

LT

N 'Ihota.éic C'ond’u;c-t;ive
- 20mm  yolume (Baseline R o ) N\

1 of W\

R. = Thoracic
| 1 0 f— ’
Stroke

~ Volume

->

Shift in Thoracic Baseiii-ne {

"4

| 4o 1%

| of Ro = Calf DPulse M
| 40mm '

| " Resistance Increase

Volume
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" F1g”g; Immediate effects on a healthy subject of 65° head-up attitgde on the electrocarqugram

4\ thoracic bleod pulse volume. Calf blood pulse volume and changes in electrical conductivity of

=Lthe thorax and calf segment related to shifts in bleod volume. Increases and decreasgs in
resistance are associated with décreased and increased segmental blood volume respectively.
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COMPARATIVE EFFECTS OF TILT TABLE TEST IN HEALTHY SUBJECTS
AAD PATIENTS WITH DIABETES MELLITUS
-
40 =
Healthy ( N=90 ) Ist column <1 min. |

30] B Diabetic ( N=22 ) nd column 15 min.

201

~ Pogsitive

ol

' |'0  S DSD

PER CENT OF CONTROL
Q

) @ e

Negative

W

.
=

: Thoracic Calf Calf Calf
Blood Puise Stroke Cardiac Conductive Pulse Blood Conductive
Pressure Rate Volume  Output  Volume Volume Flow Volume

‘ Fi% 18 Comparative effects of tilt table test in healthy subjects and patients with diabetes
mellitus. '
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"THORAX.

 BLOOD PRESSURE
- mm Hg.

PULSE RATE
‘min. :
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STROKE
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©oml ‘
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_S mn o e— Mlnuus—— e e Recovery.

- 65° Head T Tabeor

Fig 1l1A Measurements of central and pem.pher'al vascular _ |
effects of 65° head up tilt table stvess before and ‘
during _syncopal ep:.sode. Lo
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Horizonta!  Immediate S _ Immediate
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~ 5 Min. s R - *,'..'?_"-".‘.""'..'Y -
| 65° Head lp - Tableo*
Fig 11B Measurements of central and __;':pe:ra'.gheral. vascular
effects of 65° head up tilt table stress before and o
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LEG SEGMENT EXPOSED TO INCREASED TEMPERATURE
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F ig 13 Durlng exposure to 1ncreased temperatur -, the Segmenta.L resistance of calf segments
dec¢reases and the crest time 1ncreases. There is an increase 1n systol 1c and d 1tastolie pulse
components. ' : _
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LEG SEGMENT EXPOSED TO REDUCED TEMPERA‘-[’QRE
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L 22 - B
- C i " . : 12 \/’ Pulse Rﬁ-h
Cral ngr{l:lpemlme. | .70E . oer Minute

9
8
T Total Pulse Volume
8 ml
(Lower Leg)
‘Room Temperature &
- *C 4 :
: Diastolic Pulse Volume i
- =
Skin Temperoture ¢
, ' B :
e S T R | -
o Time uinu‘e; . . .ZOCM Rith Calf .
- . G Crest Time
o 5 10 sec

ist 2nd

P’ it M‘P’"—'.‘Mﬂ_ ik ot g,

Segmental Resislance
//__-

-
0

. 2| ]
S 10 15 .
Time Minules '

§impedance Pulses

_ Fig 18 - During exposure to decreased temperature, the segmental resistance increases, crest
- time decreases, and volume per pulse decreases. There is a reduction in systolic and diastolic
' pulse components. The diastolic component appears to be affected more than the systolic.
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CHANGE IN BODY POSITION - EFFECT ON LOWER LEG SEGMENT ~
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Fig 15 When the calf segment is elevated, the diastolic component of the peripheral pulse

becomes less apparent as the result of venous runoff. During dependency, the total amplitude
and calculated volume decreases; however, the diastolic component is augmented. Simultaneous
changes in segmental resistance and crest time may be observed. ‘
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'LEG  BLOOD ELECTRICAL MECHANICAL % DIFF.
SUBJECT AGE NO. OF VOLUME PRESSURE VOL/MIN.  VOL/MIN. % OF
NO- yrs. STUDIES ml _mm. Hg - 100 ml. tissue 100 ml. tissue MECHANICAL
13 o3 10 1640 ~ 146/86 1.798% . 513 1613t 529  -1.5%
27 40 8 1558  105/74 _z.a“set. 572 2.156%_646 +3.2%
3g, 22 12 1460 124/82  1.009%.243  1.299.086  +22.3%
4M 37 0 1320 118/83 1.899 . 442 2ant. a2z +12.5%
| Ssp 2 S T R 113 123/85 1. 1_65’:.132- 1.233%. 092 +10. 4% L
6RA 6 10 470 93/60  4.906t.794  5.1001.863  +3.8% T
| _' TEA | 4 A | 321 95/60 . 2.275%.655 z..sé?'.*:.-lsl +20. 6%

Average 12%

'Group Correlation. r=. 984, p=. 001

Group Mean -

‘Eleétrical 2. 154 mli/minfl00 mi . ] “
' 'Mechanical 2. 490 ml/min/100 ml

t=sp
P1g16 .Cé_m_parison of electrical impedance plethysmography and mercury strain gauge

plethysmography (mechanical) in calf segments of various size. The end systolic slope
method -was used to correct for venous runoff (Fig. 6-7).
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Fig 17 Comparison of pulse curves recorded from calf segments of different age subjects.

' Peripheral vascular disease is characterized by reduced amplitude, increased crest time

and obliteration of the dicrotic notch. Hypertension is characterized by reduced
amplitude, moderate increase in crest time and retention of the dicrotic notch.
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IMPEDANCE RENOGRAM

 HEALTHY ~ " RENAL VASCULAR DISEASE

Right Renal Artevy Sterosis

Systemic | - | - -
Blood Pressure 136/82 - | -~ 206/110 |
- (mm Hg) | B
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~Right Kidn e.y

Left Kidney

‘Fig 19 Comparison of 1mpeﬁanc:e renograms in healthy subject and a hypertensive patl
with right renal artery stenosis.
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Fig 20 Pulse curves recorded fr'om sever*al reglons of the body
u81ng a four electrode 1.mpedance plethysmegraph _
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- LOWER EXTREMITY VASCULAR DISEASE -
Lt
Silhouette vascular profile characteristic of lower
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