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Transthoracic Impedance Cardiography: 
A Svirvey 

by 

James Saklad 

INTRODUCTION 

Since the earliest times, practitioners of medicine have sought 

to learn more about the patients in their charge, and the afflictions 

which beset them, by means of methods least disturbing to the indi- 

vidual being investigated as possible. The ancient Chinese examined 

the pulse—in great detail, for hours-and a carved ivory "Doctor's 

Lady", whereon the afflicted woman pointed out her ills and described 

her pains, since actually handling the sick person was forbidden— 

certainly the ultimate in "noninvasive monitoring". 

With the passage of time, the arts of physical diagnosis became 

developed to an exquisite degree: there are physicians today who can 

grade murmurs and estimate splitting of heart sounds accurately by 

touch. But as it became possible to put things into patients vith 

relative safety and even impunity, ranging from the surgeon's gloved 

hand to cardiac pacemakers to biopsy needles to flow-directed intra- 

cardiac probes to selected coronary artery catheters to electromag- 

netic flow-probes to implantable strain-gages, medicine has come to 

rely more and more upon these gadgets. 

But with more technological sophistication and more precise, and 

occasionally even more accurate, physiological measurements came greater 

risk to the patient, increased morbidity, and even mortality from what 

ought to be nearly harmless diagnostic procedures. More and more in_ 

recent years the attention of the medical and bioengineering community 



has tiirned to methods of investigation which do less to the patient 

relative to what they do for the patient. 

My interests here are particularly with the monitoring of the 

heart and its various parameters of function. The first of the good 

noninvasive cardiac measurement devices has been available for nearly 

all of this century, widely available for over 30 years, and nearly 

universal for 15 years—the electrocardiograph. With non-critical 

electrodes which axe sivaple  to attach and easy to maintain, it monitors 

the electrical activity of the heart in a continuous, beat-by-beat 

fashion; with suitable modifications, it is completely portable, to the 

point where even a SCOBA diver at several hundred feet depth, or a free- 

falling sky-diver can be monitored easily. But by its natxire it is limited 

in the pcirameters it measiires. It says nothing about cardiac output, 

myocardial contractility, cardiac "reserve", whether the individual is 

in or is approaching pulmonary edema, et cetera. 

These are extremely in^K^rtant parameters to study for those who must 

understand the physiological changes of activity, of abnormal environments, 

of acute illnesses. Ideally, we would like to monitor these mechamical 

parameters cis simply and as safely as we can the electrical parameters 

with an EKG. Direct measurement of myocardial contractility requires a 

strain-gage iII^>lanted directly onto the myocardium. We frown on this as 

being somewhat too invasive a technique for otu: purposes- This parameter 

can be indirectly monitored by measuring the intraventricular pressure 

changes of isometric ventricular contraction, and measuring the time 

interval from electrical initiation (the QRS ccsnplex of the EKG) to the 

maximum of the pressure derivative ■— . This still requires an intra- 
^      dt                -^     — 
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ventricular catheter, but ifs a little safer. Cardiac -reserve", aM 

intending cardiac failure, can be ..easured with so,« accuracy by two 

co=o„ methods: radiographically. where heart si.e and shape tells tfee 

expert so»e useful infor^tion and fluid accumulations in the chest are 

Visible When large, and baro^netrically, by placing a flow-directed 

catheter in the wedge position in a pul«,nary ^tery and effecUvely 

determining left atrial pressure. The first is not parUcularly 

accurate or sensitive and is relatively slow and expensive, while the 

second is im-asive and subject to all the inaccuracies and trouble 

of any catheter pressure measurement system. 

Cardiac Output:  -standard" Techniques. 

Cardiac output has been measured in a variety of ways^^ over the 

years. Perhaps best, in the sense of having the clearest theoretical 

iustificaUon, and most accurate results, is the electromagnetic flow- 

Beter. This is also the ^st invasive, retiring thoracotomy and stripping 

Of part Of the aorta.  ,1 neglect the method of severing the aorta at the 

root and installing a direct flo^eter in series as this is i^ractical in 

r><^..,  although useful sometimes in animal studies., Heisenberg, it has 

been said, has done a remarkable service for the principle of objectivity 

in the Observational sciences. We are convened to wonder Just what do 

thoracoto^. general anesthesia, surgical ^nipulation. and presence of 

the probe within the ch^c-t- /?r> *-^  4-v->   j- 
n the chest do to the cardiac output one hopes to measure? 

The pressure-pulse contour methods have the advantage over some we 

Shall discuss Of providing, like the E-M flowmeter, beat-by-beat data: 

With a pressure probe in the ascending aorta we obtain instantaneous 

reading^ beat-by-beat pressure, and ca,^esti.«te_the stroke^ume    - 

for each beat by electronic analysis of the down-stroke (aortic-e^ty- 
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ing) phase of each beat. The theory behind this method, however, assumes 

certain elastic properties for the aorta and dovmstream vasculature, 

which properties unfortunately vary from individual to individual, and 

even over time within the same person. Further, shunts involving the 

systemic vasculature, or regurgitant disease of the aortic valve, will 

produce erroneous or biased data. Belated to this method is the pressure- 

gradient technique, which suffers from fewer faults: if simultaneous 

lateral pressures are measured at two points in the proximal aorta, one 

a few centimeters downstream from the other, the pressure difference 

between them is a measure of the instantaneous flow. Obviously, this 

still requires a central intra-arterial catheter—double-lumen, at that. 

Biplanar X-ray cardiometry using radiopaque materials does work, 

somewhat, as a means of measuring changes in heart size, but again, this 

involves a catheter in place to inject the dye, and the equiiment for 

radiography makes it hardly a convenient or portable procedure. Echo- 

cardiography is, indeed, a workable, noninvasive technique—mapping 

the changing volume of thoracic contents with sonar. However, significant 

expertise in the use of the equipment is needed, and it can scarcely be 

used with active, mobile subjects. One of the most common methods 

presently used to estimate cardiac output is the Indicator Dye Dilution 

method, in its various forms (varying as to the "dye" used: chemical 

agents with distinct colors, radioactive tracers, radiopaque materials, 

cold saline) . Problems arise due to shunts   '(between injection point 

and sampling point, from recirculation in coronary and other fast- 

recycle systems, from uncertainty about the mathematically most useful 

mode of calculation. At best, it is_s_till an invasive teehnique, wi^ 

arterial and venous cannulation, which still only produces a several- 
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beat average, and not a beat-by-beat signal. 

Classically, the Fick method has been a standard for calculating 

cardiac output. If the individual's rate of consumption of oxygen is 

knoim, as are the arterial and mixed venous oxygen content of the blood, 

one can calculate the rate of blood flow by use of the principle of con- 

servation of mass: the volume of oxygen taken up per minute, divided by 

the amount of oyxgen taken up by a given volume of blood (the arterio- 

venous difference), gives the amount of blood which is taking up oxygen 

in that minute. The subject wears a mask connected to a calibrated 

spirometer, which measures the oxygen uptake, and catheters are placed 

to monitor mixed venous oxygen (in the right heart) and arterial oxygen 

(in the aorta or major peripheral artery). This principle may also be 

used with a number of other gaseous indicators-acetylene, for example. 

There are a number of obvious drawbacks: the subject is "tied down" 

with arterial and venous lines, and a spirometer; it measures pulmonary 

flow, Trtiich may be significantly different from systemic flow in a number 

of circumstances; it is a slow, time-average measurement, not providing 

beat-by-beat data, and not suited to long-tenn monitoring. ' Further, the 

results it yields may be greatly in error if the respiratory or circula- 

-• tory conditions are changing during the duration of the measurement pro- • 

cedure. 

To overcome some of these drawbacks, a number of researchers have 

modified the procedure to a less invasive version: the Indirect Fick 

method. It is possible, with respiratory manipulations (such as short- 

tem rebreathing of 5-10% CO2, or prolonging the expiratory phase of 

a single breath) to estimate both mixed venous and arterial pC02 from 

- analysi^of the expired airT^Reliable^Sd repeata^ results are claim"^ 
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for this method, but several drawbacks remain: immobilization of the 

subject, imposition of resistive (and uncomfortable) objects in the 

airway, averaging natiire of the determination, to name a few. 

Biological Electrical Impedance Monitoring: Theory. 

In the search for a non-invasive method to monitor cardiac output 

and other parameters of cardiac function on a beat-by-beat basis, a 

number of investigators have turned to monitoring the changing electrical 

impedance of the thorax.  In 1907 Max Cremer* was able to record the 

beating of a frog heart by noting the changes it produced in the capaci- 

tance between two condenser plates. In 1932, Atzler and Lehman* used 

similar techniques and observed similar results with man. Utilizing 

frequencies in the 100-150 MHz range, they also noted some signal changes 

in phase with respiration. Work on this technique progressed relatively 

slowly through the 1940's and 50's, partly for lack of adequate electronics, 

but in the last 10-15 years both the theory and the techniques of practical 

measurement have become remarkably improved and compare favorably with more 

stcindard techniques. 

The basic principle behind impedance cardiography derives from the 

relationship, for a homogenous cylindrical conductor, that the overall 

electrical impedance is directly proportional to the length of the cylinder, 

and is inversely proportional to the cross-sectional area (or varies directly 

as the square of the length and inversely as the total volvmie, since the 
2 

volume is simply tiie length times the area) .'*^ Thus S=p| = p^ , where ,P is 

the volume resistivity.  So stated, the situation is simple enough; the 

problems arise, in part, from the fact that we are not dealing with a simple, 

homogeneous cylindrical conductor, but with a hioman thorax—not cylindrical. 

♦Original papers in German, cited by nvmieroxas subsequent authors. 
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with layered skin, fat, muscle, and bone, and non-homogenous contents 

of lung, pulmoneiry vessels, heart, systemic vessels, and more. Further, 

problems arise from introducing electrical cxxrrents or fields into, or 

onto, the human body. For instance, we certainly do not want to exceed, 

or even approach, currents which will stimulate nerve or muscle, particu- 

9 
larly heart muscle, so eis to produce sensation or arrhythmias.  The 

ctirrent threshold for stimulation, fortunately, rises with increasing 

frequency of the stimulating current, so that in the range of 50-150 KHz 

it is possible to use currents which provide easily measured signals without 

approaching the levels of neural or myocardial stimulation. Also, another 

problem which has been noted in practice is that at lower frequencies the 

capacitative reactance of the skin is the major portion of the total 

in5)edance measured, whereas this effect beccanes markedly diminished at 

higher frequencies. 

It is also possible to overcome some of these skin effects in a 

different manner. The basic technique of thoracic impedance monitoring 

is accomplished by applying a small cxirrent (usually through some electronic 

configriration which delivers, or approximates, a constant-current source) 

to the chest cage, and measuring the (changing) electrical potential 

across the thoreot. Since tiie thoracic impedance is the ratio of potential 

to current, and since the current is constant, one is then effectively 

measuring the changing thoracic impedance. Both bipoleir and tetrapolar 

methods have been used for this purpose; in the former, a single pair of 

electrodes is used to apply the ciorrent and measure the resulting potential/ 

iir5>edance changes, while in the latter, a different pair of electrodes moni- 

43 
tors the changes than supplies the cvirrent. It has been repeatedly shown 

that the tetrapolar technique, properly applied, eliminates much of the skin 
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ia^jedance, and reduces or eliminates the effects of changes in this 

portion of the total impedeince (as from changes in the skin—sweating, 

for example—or in the electrode-skin interface—drying of electrolyte, 

or movement of electrodes) on the impedance signal frcmi intrathoracic 

phenomena. 

Thus: we apply an alternating signal of about 100 kilohertz, of 

constcuit current, to the thorax, and measure the resulting potential 

(impedance). There are, of coiorse, numerous ways of applying elec- 

trodes, and numeroTis different electrode types, but I shall not en- 

deavor to discuss these at present. Through whatever system we use, 

we get some sort of signal back. It is evident from the nature of the 

waveform, and its timing, that the variation in impedance coincides 

with cardiac activity, and that there is also a slower variation coin- 

cident witii respiration. If we're lucky, presuming we're interested 

in cardiac activity, we will have a "clean" cardiac signal, amd very 

little respiratory component. Now all that remains is to relate the 

varying impedance to physiologic parameters: what is causing the 

varying of the signal? 

There are two large problem areas remaining in iiipedance cardiog- 

raphy: delineating the specific source or sources of the signal that 

is monitored, and refining and justifying the mathematical methods used 

to translate the electrical signal into useful physiologic data. With 

each contraction of the heart, the ventricles empty of their content of 

blood, a pulse of blood flows into the pulmonary vascular tree, and a 

pulse of blood surges out the aorta. Various researchers '     '     '     '     ' 

"have attributed the eleoBrical signal to various of these sources, and no 

single siir^le esqilanation seems to suffice and to explain away the contrary 
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data. This is without a doubt the primary reason for an apparent ina- 

bility to obtain, regularly, reliable, and quantitatively correct 

absolute values for cardiac output, but I shall discuss this in more 

length after review of some of the literature. 

Because the source of the signal is not clecir and obvious, the 

methods of relating it to physiologic pairameters have been at least in 

part strictly en^jiric. For the study of pulse volumes in, for instance, 

the leg, it is easy to derive from the above equation relating volume 

and impedance an equation relating a change in voliime (of a hcxnogeneous 

2 1—1' cylindrical conductor) to a chcuige in impedance: Z£,-z =AZ=pL (—  —) = 
V  V 
1  2 

pL 
2 (V^-V,) ■>~^-\' „T2 AV 

Z I. = -P^' y ,^ -  If AV is small with respect to V  (or V ), we 

V^2 1 2 
2       2 2 

can approximate V »V- by (V.) or (V^) , or a "basal" measurement (V ) : 

.- Pli BL> Z 2 Az=  p AV. Since we already have V = ^—  , we now get Az= - o AY or 
V ■ °' Z W o ■  ■ o 

L 2 43 
AV= - p (— )  AZ. Nyboer has shown —for an object like a leg, with a 

o 
cylindrical artery down the middle of a cylindrical leg; an electrical 

line (changing) in parallel with another electrical line (unchanging) — 

that the fixed, unchanging impedance of the unchanging tissue enters into 

the equation only in B , and that the volume resistivity of interest is 

that of the changing conductor, blood. For lack of any better version 

to work with, researchers have taken this equation—an approximation, 

for homogeneous cylinders, with simple parallel conductors—and applied 

it to the thorax, which is a quite different case. 

The other problem is what to use for the Aa? Nyboer originally pro- 

posed using planimirtry to measure the arealihder the^^urve, andr~determine~ 

an average in^pedance change for each cycle; later he used the end-systolic 
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n^imuB-increasing slope of the curve (the impedance change with systole 

is a decrease below Z^) to extrapolate an iinpedance change that vould 

have been obtained had venous runoff not reduced it/^ This has clear 

„erit vhen applied to the calf, vhere arterial flow in diastole is zero 

48 
or close to it, but the thorax works differently. Powers  apparently 

used the end-diastolic slope projected over the entire cardiac cycle, 

reasoning that one can measure pulse volume as well by looking at-the 

constant outflow as by looking at the pulsatile inflow, and late dias- 

tolic slope measures the venous runoff directly. This argument suffers 

ix, the same way as Nyboer's, in the thorax. Kubicek  decided to use the 

early systolic maximum decreasing slope of the impedance curve, projected 

over the systolic ejection period, but I have been unable to find any 

argument for theoretical justification for this. In fact, using it, 

Coleman^ con«nents, "There does not appear to be a direct experimental 

or theoretical validation of this procedure but in our hands as well as 

in Kubicek'sexperience  (it) leads to reasonable values of the 

stroke volume...." Kinnen^^'^^ insists on a variant method which is 

essentially an average of Nyboer's slope method and Kubicek's, -comment- 

ing, -Alternate single slope methods appear too restrictive in comparison," 

and citing Nyboer and Kubicek. 

in any case, the majority of the papers in the recent literature follow 

the lead of Kubicek and his coworkers, so a further brief comment is worth- 

while here. At first, their hardware was designed to give them the basal 

impedance, 2^, and a signal corresponding to the variation of the impedance, 

Aa. From the latter trace, the maximum-decreasing slope was drawn by hand, 

and systolic ejection timed by simultaneous phonocardiogram, so that the 

gra^iical extra^lation corild be perl£ormed. Late3r-an electronic first- 

derivative signal dZ/dt was produced, which had inherent timing marks 
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corresponding to the onset and cessation of ejection, so that the entire 

calculation could be made using the dZ/dt curve—the (negative) peak 

giving the "slope", and the timing marks the dxiration. Thus their working 

L^ _ dZ 
^^ ~ ^ Z ~ dt min. •*ej. And this can be completely and  con- 

tinuously calculated electronically, if this is desired. 

iB^dance Monitoring; Clinical Application. 

Perhaps it becomes evident from this discussion, as it certainly does 

from review of the literature, that in^edeoice monitoring as a method of 

measuring cardiac output is a fcir better indicator of relative changes in 

output than it is of absolute magnitude. It can be highly useful if 

occasionally calibrated against a method which is more direct, and hence 

less susceptible to variations due to individual body configurations 

(e.g.. Indirect Fick, which is also non-invasive). There is now a large 

volume of literature discussing the use of impedance measurements as a 

method of assessing cardiac output, and there follows in this paper a 

roughly chronologic review of the findings of a nxmiber of papers, con- 

centrating on the last 12 yeeirs. There eure also occasional reports on 

determination of other parameters than cardiac output, and these are also 

discussed. 

In 1952, Bonjer reported on two series of experiments in dogs, designed 

to determine the source of the impedance variations which were measured on 

the skin. In one series either the heart or the lungs were wrapped in an 

electrically insulating material, in live animals, a procedure which had 

been found ex vivo, to eliminate electrical signals originating in the 

specific organ from influencing outside detectors. He showed conclusively 

that insuleiting the hear^t-from the-sensors made for a slight increase^in 

the impedance signal, whereas insulating the lungs in like manner eliminated 
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the signal almost con5>letely. While the last finding is perhaps subject 

to dispute, on the basis that wrapping the lungs in rubber sheeting and 

closing the chest effectively wraps the heart in the same sheeting, the 

former finding is quite significant. Indeed, since the lungs cure becoming 

engorged with a conductor (and hence lowering their iinpedance) at the same 

time the he£u:t is enpt^ing of the same conductor (and hence increasing its 

impedance), one should logically ejcpect the signal from the latter somewhat 

to "buffer" that of the former, and eliminating the cardiac signal should 

increase the iii5>edance change observed. In Bonjer's second series of 

experiments, selected perfusion of the pulmonary or of the systemic circula- 

tion was performed mechanically in dead animals. In the latter case the 

iir5)edcince record recorded from the thorax was minimal, while that from the 

right foreleg and left hingleg was maximal; in the former, opposite findings 

obtained- He used a two-electrode system and a modified Wheatstone bridge 

detection apparatus operating at 14 KHz. 

Over the past decade, Kinnen and Kubicek have been directly or indirectly 

responsible for the bulk of the literature on impedance cardiography,  In 

20 21        22 23 
reports in 1963 '  and 1964 '  they were using two-electrode systems, 

at first cup electrodes on the chest wall, later two metallic mesh circxim- 

ferential band electrodes around the chest and neck. Much of their concern 

20 
at that time was with details of proper methods of computation,  of cancel- 

21 
lation of respiratory signal,  of mapping the electric flux on the chest 

23 wall.   One paper discusses some comparison of impedance-determined 

22 
cardiac output with oxygen consximption,  but it has no comparison meas\ires 

of actual output. 

24 
By 1965,  they had settled on a four-electrode system, using metal-mgsh 

bands around the upper and lower neck, lower thorax at the level of the 
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xyphoid, and mid-abdomen. By applying a constant current at the outer 

pair of electrodes, the electrical flux at the inner, measuring 

electrodes is relatively uniform. Using a 100 KHz signal and a balance- 

type detector, Kinnen in 1965 determined cardiac output (using slope 

extrapolation rather than derivative signal) on 35 patients with cardiac 

disease, and compared them with either Fick or indicator dye dilution (IDD) 

determinations. Among patients for whom data from both Fich and IDD methods 

was available and correlated well, the impedance data also correlated mod- 

erately well. Poorer impedance correlation was seen in groups whose other 

data did not correlate well, and in those with atrial fibrillation and 

with atypical impedance waveforms. 

.   Cole=^ et al. in two reports in 1966^ and 1967^ discussed the use of 

this technique to measure changes in cardiac output during heat stress. 

Ke coH5.ares Kubicek's method-using the maxiinum negative slope of the 

i^dance trace, immediately after electrical systole-with that proposed 

earlier by Nyboer-using the maximum positive slope on the other side of 

this initial peak and obtains considerably better results when'compared 

with IDD using Nyboer's method. He also notes that wetting the entire 

trunk with normal saline decreased the estimated cardiac output by only 

6%, and did not interfere with monitoring changes when the subject sat up. 

in his later report, he also compared (in dogs) impedance calculations 

with electro:Pagnetic flowmeter (EM) and with IDD, obtaining correlation 

coefficients of 0.792 between the impedance method and EM, and 0.916 

betwfeen impedance and IDD. 

Between 1968 and 1970 Kubicek and his co-workers, on contract to the 

governzr.ent (NSS^-4500)2^-^'^^'^'-produced or^ponsored nmerous papers 

on a variety of aspects of the subject of impedance cardiography. An 
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early paper^^ was the first to describe the derivative iii5>edance signal 

as a simpler way of timing and measuring the slope for determination of 

AZ. At that time they had apparently standardized on what came to be 

called the Minnesota Impedance Cardiograph-utilizing four band electrodes 

as described above, an approximately-constant-current 100 KHz oscillator, 

and a balance-type detector. They found that the output of their pro- 

duct, as an indirect electrical measurement, rather than a mechanically- 

coupled measurements rendered the in5)edance cardiograph (ZCG) cardiac 

outputs more reproducible than IDD cardiac outputs.  (This, of course, 

says nothing about accuracy and little about precision.) They also found 

that their ZCG determined outputs were usually higher than the correspond- 

ing IDD values, but that instituting a IDD/ZCG correction factor was a 

practical, useful expedient. That correction factor, however, varied 

from individual to individual (a phenomenon noted by nearly every inves- 

tigator since). Evaluating pooled data after these correction factors had 

been applied, they found that 85% of the data points were within ±20% of 

the line of identity. 

one particular point that apparently has never satisfactorily been 

resolved is the interference of respiratory signals with the cardiac signal 

waveform; nearly all investigators note that their ZCG output measurements 

were taken during breathholding. 

Harley and Greenfield^^ compared ZCG records with values obtained 

variously by IDD and by the pressure-gradient technique. A possible source 

of some error for them was the use of the AZ-technique for calculating output, 

rather than the more accurate "dZ/dt times T" method developed later. They 

obtained moderate IDD/ZCG correlation {r=0.68) for 13 healthy male subjects 
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before cuid after isoproterenol infusion, while in 24 patients with 

he^u^t disease the correlation between IDD and ZCG determinations was 

much poorer (r=0.26). Considerably better results were obtained when 

ZCG stoke volumes (beat-by-beat) in patients in atrial fibrillation 

were compared with similar beat-by-beat stoke volvmes con5>uted from 

pressure-gradient data. On the other hand, Smith et al.  obtained 

excellent correlation between IDD and ZCG Ccirdiac outputs: comparing 

35 simultaneous determinations in 8 normal siibjects (using dZ/dt times 

T) , they obtained r=0.87 for stroke volvmie, and r=0.83 for cardiac 

output. After correcting individual subjects' data by the IDD/ZCG 

correction factor, the overall correlation was a remarkable r=0.96! 

Some investigators have obtained relatively poor correlations 

55 
between ZCG and "standard" methods. Topham,  in a dog study with 

I.evophe<# Stress, obtained a moderately good correlation when calcu- 

lating beatr'by-beat oul^ut (r=0.84), but this improved significantly if he 

used an eight-beat average (r=0-92). In two normal human volunteers with 

bicycle ergometer stress, however, the eight-beat averages only yielded 

r=0.84 and 0.76, and his scatterplots of the data show how poor a fit 

there*Wcis. He concludes, "It seems impractical that beat-by-beat calcu- 

lation could be made in patient monitoring situations using this non- 

invasive method of calculating stroke volume-" Others, however, have 

gotten results lAich are not quite so depressing. Bache and coworkers, 

using the pressure-gradient technique as standard in a study of eight 

patients with cardiomegaly, concluded that "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 . "^ 

They did not consider that the product of the maximum impedeince derivative 
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and the ejection time predicted stroke volumes acctirately. Examination 

of their data indicates that the impedance method can be very useful, 

in selected patients (although, unfortunately, there is no obvious 

way to select the patients ahead of time, and the way the discrepancy 

becomes obvious is through comparison with a standard). 

William Judy and coworkers^^ coinpared ZCG and radio-isotope IDD 

cardiac output determinations in normal subjects, obtaining only two 

data points per subject, and found a rather poor correlation (r=0.58) 

overall. Too little data was obtained to determine correlation co- 

efficients for the individuals, but other studies suggest that they 

would have been better. The same researchers, noting this rather poor 

correlation, and the similar results of Harley and Greenfield, and noting 

that both comparison methods were time-average dilution techniques, decided 

to repeat the experiment using EM flow probe,  whereby beat-by-beat data 

can be obtained, as with the ZCG. These eacperiments were done on 11 dogs, 

with the flow probe around the ascending aorta, with physiological varia- 

Uons induced by a variety of drug injections. In general, these results 

were more encouraging than their first study. Although the slope of the 

regression lines varied considerably for individual dogs (0.58 to 1.05), 

and the correlation coefficients for the individuals were also spread (0.58 

to 0.98), the regression for the pooled data had a slope of 0.91, the means 

of the two methods were equal, and the overall correlation was remarkably 

good (r=0.92). 

Another study (Steigbigel et al.)^^ utilized both IDD and pressure- 

gradient techniques; of 11 patients, 5 demonstrated acceptable agreement 

and six did not. The overall correlation was poor (r=0.583, with a regres- 
.   t        —*    

sion Une of ZCG ^ 2.7  liters/min. +0.617 IDD). In using the pressure- 
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gradient technique, however, not only did they calculate stroke voluznes 

(although they noted that the averaging nature of the IDD xaethod was a 

possible source for discrepancy) but they also evaluated the hypothesis 

that the maximum of dZ/dt is a measure of the peak aortic flow rate. 

Their regression for stroke volume is considerably better here-ZCG = 

0.08 + 0.97 PG-with better correlation (r=0.72). the  correlation 

between peak aortic flow and peak dZ/dt was even better {r=0.94). 

Witsoe, Patterson, From, and Kubicek^^ reported an animal study 

utilizing both EM flowmeter and IDD techniques as well as ZCG, with 

considerable E^armacologic manipulation of the animals. Regression 

lines and correlation coefficients are not reported, but some comparison 

data are. On the scattergram plot of EM versus IDD cardiac output, 75% 

of the data points lie within ±10% of the identity line, and 96% within 

±20%. The corresponding comparisons for EM vs. ZCG and IDD vs. ZCG yield 

plots witb approximately 70% of the data points within ±20% of the identity 

line, in speculating about the relative poor showing of the impedance 

method for stroke volume, they note that better correlation was "seen 

between the flowmeter peak flow and the dZ/dt peak than was seen between 

stroke volumes. 

Another mixed study was undertaken by Martin ^^ using botK 

huK^ns with normal or depressed cardiovascular systems, a^d dogs, monitored by 

the ZCG, EM flown^-eter, and IDD techniques. His overall results were not 

remarkably good, but individual results ranged from excellent (r=0.91, 0.92) 

through fair (r=0.75, 0.64) to poor (r=0.40) to nil (r=0.09) . Including 

the one uncorrelated dog, the pooled data presented a correlation co- 

-e^ricient o^.68, and-a regression slope o^Jl.91. Among^the humans, 

results were better: the worst correlation was only 0.65, and three {of 6) 
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subjects had r's greater than 0.85. Here the pooled, individually- 

corrected data yield a correlation coefficient of 0.75. 

Although the original findings which have led to "Impedance Cardio- 

graphy" were determinations of variation in electrical capacitance, the 

great bulk of STibsequent work has concentrated on resistive changes. 

Namon and Gollan^^'*"'" have done some work to evaluate what reactive 

(i.e., capacitive) changes take place with the cardiac cycle. Right 

and left heart catheterizations were done on 14 dogs for IDD flow 

studies, and a variety of manipulations performed, including hemorrhage, 

transfusion, ntyocardial infarction, and hypothermia. They did not use 

the "Minnesota Cardiograph" since they needed to measure reactance as 

well as resistance, but did use a similar 4 electrode system, operating 

at 37 kHz. They note that the reactive cardiogram is slightly simpler in 

shape, with a peak slightly later in time. "In one such ejcperiment," 

they conmenf, referring to a hemorrhage/transfusion test, "the relation 

between stroke volume and resistive rheometry was poor, while the correla- 

tion between stoke volume and reactive rheometry was excellent! Therefore, 

only reactive in^jedance measurements were continued." The rheogram preceded 

the aortic pulse during systole, suggesting it originated in the pulmonary 

circuit. With stroke volume varying over a 12 to 1 ratio; and cardiac output 

over an 8 to 1 ratio, the correlation between stroke volume and rheometry was 

r=K).91, and the standard deviation from a best-fit line was 19%. They were 

able to minimize respiratory artifact by utilizing spot electrodes in the 

midline, rather than band electrodes. Their overall excellent results 

suggest more should be done with this aspect of: impedance monitoring. 

Relatively few studies have been performed—or at least published—   

since the final report on Kubicek's NAS-9-4500 contract. In Japan 
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i    * 
Hukushima et al.^^''^ noted, using a single pair of spot electrodes 

placed laterally on the chest, and a constant-current 55 kHz source- 

that manipulaUons of the pulmonary flow (occlusion, saline pumping, 

etc.) produced typical impedance changes. However, no study was reported 

of what similar manipulations of the heart or systemic circulation do to 

the impedance records, so their conclusion that it is the pulmonary 

vasculature exclusively which is monitored may be premature. Sova, 

using two-electrode systems, with a variety of different electrode 

placements, 300 kHz current, and (apparently) bridge-type detection 

circuitry, obtained moderately good results on resting normals (r=0.78) 

and excellent results after a working load (r=0.93); similar results ob- 

tained for cardiac patients (r=0.80 at rest). 

Lababidi^^ and coworkers noted in studies of children without shunts or 

valvular insufficiency, ZCG correlated well mth Fick and IDD. When lefl\-to-right 

shunts were present, ZCG grossly overestimated systemic flow but correlated 

aMost exactly T^ulnpnic flow. On the otixer hand, however, ZCG grossly 

overestimated net flow in children with aortiS insufficiency, suggesting it  •, 

meataSired left ventricular stroke volume, rather than forward flow. 

some investigators have successfully extracted other data than cardiac 

output or stroke volume from their recordings of thoracic impedance varia- 

tions. Lababidi^"' examined the first derivative impedance cardiogram and 

compared it with careful recordings of heart sounds (phonocardiograms) and 

with apex ballistocardiograms. He concludes that it is possible to correlate 

the first heart sound, and both aortic and pulmonic components of the second 

heart sound, as well as the atrial gallop (S^) , the ventricular gallop (S3), 

and thejnitral opening snap^hen these latter ar^resent. ^is last^ 

called the 0 point, corresp^ds with the 0 point of the ballistogram, just 
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before the rapid filling wave. 

Karnegis and Kubicek^^ find consistent characteristics of the im- 

pedance waveform: a wave they label A which is "locked" to the electro- 

cardiographic P wave, even during complete heart block, a C wave occurring 

during ventricular systole which is decreased in amplitude in situations 

tdsttra-systoles) which ought to decrease stroke volume, and a V wave in 

diastole. 

More interesting still is the work of Siegel and coworkers  in attempt- 

ing to quantify nr^ocardial contractility using the impedance information. 

Tr^ey find a good correlation between the time lag from electrical systole, 

marked by the R wave of the EKG, to the maximal rate of change of the 

intraventricular pressure wave (dxiring isometric contraction), and the 

lag from the R wave to the (negative) peak of dZ/dt (which peak is what 

many use to calculate the stroke volume) . The relationship is fairly 

linear at short times, but is fit somewhat better curvilinearly overall. 

Nevertheless, using a linear regression overall, the correlation is still 

fairly good (r=0.88). 

46 47       4 
Furthermore, a number of investigators (Pomerantz,  '  Herman, 

Luepker,^® Van De Water,^^'^^ Baker,^ and their various coworkers) have 

repeatably and reliably noted that impedance monitoring equipment similar 

to that previously described (4 band electrodes, 100 kHz stimulating current) 

detects changes in intrathoracic fluid, such as pleural effusions or pul- 

monary edema, and have been able to quantitate the amounts.  Some investi- 

gators have also commented on the relaUve ease with which one can obtain 

an EKG signal from the same set of electrodes, or—by adding a single spot 

electrode—monitor respiration, without interfering with the other parame- 
 t               — —*      

ters being monitored. 
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SUMMARY:I DISCUSSION: PROBLEMS 

A survey of the literature on impedance monitoring techniques 

reveals both posiUve and negative results, both agreement and 

disagreement vith "standard" methods. Occasionally a paper seems to 

show total lack of correlation, and one^^ even seems to detmnk the field 1 

of i.i5.edance monitoring as more a measurement of artifact, without rela- 

tion to the phenomena thought to be measured, than a measurement of valid 

bio-impedance changes. Considering, however, that it is far easier to 

err enough in some aspect, of the procedure-be it electrode type, electrode 

placement, patient condition, electronics utilized, etc.-to obscure any 

correlation otherwise present than-it is not to do so-considering this, 

the mass of data collected overall in the literature is most convincing 

that this is, indeed, a potentially extremely useful mode of monitoring 

cardiac function, and, at least in a relative sense, measuring cardiac 

output. 

several authors^'^^'^^'^^'^° discuss various aspects of the electronic 

and electrical methods used actually to monitor impedance. They point out 

that measurement systems generally fall into two categories: bridge 

circuits (typically a modified Kelvin double bridge, or Bagno's phase- 

slnsitive circuit, which ^^ like a bridge) or constant current circuits. 

With the bridge circuit, of course, we must balance off the relatively 

large resting in?,edance Z^, and our signal of interest is the off-null 

output of the bridge. Unfortunately, if the basal impedance is changing, 

constant re-balancing is required to keep it operating near the null point, 

and further, the circuit becomes non-linear away from the null point. The 

constant-Icurrent method has the advantage of linearity, but since ohm- ^ 

^ter type"circuits7^s opposed^ bridgesT^re exquisitely sensitive to 
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current changes, this has historically been difficult to achieve: either 

the signal source (oscillator) must operate through a very high iiapedance 

(so that any hiogenic variations in impedance are small with regard to the 

overall impedance that it "sees-) or complicated circuitry is needed with 

active current feedback to maintain the current source as truly constant. 

Hill^^ points out that is is possible to obtain a truly constant current 

input systm, rather than one appro:cimated by utilizing very high output 

impedance on the driving oscillator, by using a well-designed active-feedback 

system. Nonetheless GessertH maintains that "theoretically the balanced 

bridge is inherently superior to an ohmmeter circuit" as a means of monitoring 

impedance. On the other hand, Yates60 points out that "modern operational 

amplifier technology makes it possible to approximate more closely a con- 

stant current source than previous designs permitted," and asserts this 

design is preferable because of the disadvantages of the bridge circuit 

mentioned above. 

Pacela^^ points up another criterion for determining which circuitry 

to use: what, exactly do we want to measure? The impedance, and the change 

in impedance AZ, are both vector quantities, with both resistive and re- 

active components. The bridge circuits commonly employed measure the magnitude 

of the change in impedance (JAZ] ), while the constant-current circuits measure 

the change in the magnitude of the impedance (AJzl); since Z is a vector, these 

are, in general, not the same. 

Relatively sophisticated understanding of the electronics and what they 

are actu.ally measuring is required in a valid clinical study; it is not 

apparent that this has always, or even often, been present. There are 

several problem areas left in "Impedance Cardiography." On the clinical 

sidiTthere ha^ot, apparently, h^ adequate^sts of alternate elec- 

trode configurations to the "Kubicek band system": e.g., tetrapolar 
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electrodes measuring from right mid-atoillaiy line to left mid-axillary 

line, or frcm Jplne to sternum, or four placed along the spine, or along 

the sternum. Which system provides the strongest signal is one criterion, 

but which has least artifact is another, and which eliminates respiratory 

signals best is a third; further, looking laterally or postero-anteriorly 

ought to eliminate most aortic signals: is this good or bad? At the same 

time, it is necessary to determine which parameter is really the most 

useful: resistive changes, reactive changes, phtase angle changes, 

magnitude of impedance dianges, or change of impedance magnitude. To 

determine which is most useful, various ways of determining cardiac 

output from the electrical signal must be considered—five different 

methods were mentioned earlier. 

This clearly multi-factorial study obviously has important non- 

clinical aspects to it as well: certain electronic configurations are 

needed to measure certain bio-electric parameters, and different ones 

are needed for others. If it is not clear as to the ideal circuit for 

certain uses, another factor is added to the study. 
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