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SUMMARY

Experience gained by performing 1250 impedance cardiograms in
362 elderly subjects has shown that the technique is simple, non-—
invasive and bhighly reproducible; it lends itself to the
investigation of cardiovascular problems in the elderly. Minor
modifications to the method, as applied to the elderly, may improve
the validity of stroke volume estimation.

Cyclical, small changes in thoracic impedance do occur and are
related to the cardiac cycle but from the evidence available it is
not clear whether the change is solely related to left ventricular
stroke volume oxr a combination of left and right ventricular stroke
volumes.

The Kubicek stroke volume formula is clearly empirical but it
provides an accurate though not precise estimate of the stroke
volume and cardiac output. Poor accuracy is obtained in the
presence of valéular regurgitation and right bundle branch block due
to characteristic first derivative impedance waveform abnormalities
and in atrial fibrillation because of a natural wide variation of
the stroke volume on a beat to beat basis. Poor accuracy occurs in
patients with chronic lung disease due to systematic effects on the
basal thoracic impedance.

The impedance method tends to overestimate larger cardiac
outputs and underestimate smaller cardiac output values. Absolute
values for the cardiac output are, however, rarely required in
medicine and despite some doubts about the validity of impedance
absolute values it does provide an accurate reflection of expected

relative changes. The method is a useful non—~invasive technique

xviii



for the haemodynamic investigation of elderly patients with
symptomatic postural hypotension where the essential problem appears
to be due to a failure of the peripheral vascular system to respond
to the effects of orthostatic stress.

The impedance cardiogram is useful for the measurement of
systolic time intervals, changes in thoracic fluid content,
assessment of myocardial contractility and the eludication of beat
to beak haemodynamic changes in individual patients in atrial
fibrillation. The waveform gives useful information about left
atrial function, the bundle branch blocks,and it is helpful in the

assessment of aortic valve regurgitation.
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INTRODUCTION

Cardiovascular disease is 3 major cause of mortality and
disability in the elderly. There is a universal reluctance to
subject older patients to invasive assessment and non-invasive
techniques of clinical investigation have developed largely because
of the costs and necessary skills inherent in invasive methods,
radiation risks, patient acceptability and the small but definite
risks of intravascular instrumentation.

Most of the standard methods of measurements of the stroke
volume and cardiac output lack precision. Knowledge of precise,
absolute values of the cardiac output are rarely necessary in most
clinical or research situations and changes in cardiac output due to
the effects of physiological stresses, drugs or disease states are
more important.

During the last 20 years, and especially with the development
of Space Flight Programmes, a considerable amount of work has been
carried out in the U.S.A. on the practical application of impedance
bio—electrics in biology. There are few references to this field
of research in the British literature.

With the need for a simple, bloodless method of measuring the
cardiac output, early workers in the field of bio—electrics observed
that electrical impedance changes in the thorax occurred in time
with the cardiac cycle and adapting an empirical formula relating
impedance change to volume change in a conducting solid a method of
measuring the stroke volume in animals and man was developed. A
relatively simple, mathematical formula is therefore available and
this can be completed with knowledge of such individual test

variables as the haematocrit, systolic time intervals and a simple



measurement derived from the impedance cardiogram.

Impedance cardiography appeared to be theoretically ideal for
non—-invasive investigation in the elderly but, after a comprehensive
review of the literature, it was clear that many questions regarding
the theoretical basis for the technique were unanswered and although
the method appeared to be accurate, its precision was in doubt.
Further clinical studies of the basic technique were performed and
the results of these studies form the basis of this thesis.

Statistical analysis of the results was carried out,
throughout, using a HEWLETT PACKARD HP-67 Programmable Pocket
Calculator and reference was made to DOCUMENTA GEIGY SCIENTIFIC
TABLES, 7th Edition (Eds. K DIEM and C LENTNER) 1970, JR GEIGY,

BASLE.



CHAPTER 1

THE DEVELOPMENT OF TRANSTHORACIC ELECTRICAL
IMPEDANCE CARDIOGRAPHY

RESISTANCE AND IMPEDANCE

Electrical resistance is defined in the most elementary form by
Ohm's Law viz. R = V/I where V is the fall in potential in volts
over the conductor and I is the current in amperes which flows
through it. Electrical impedance (Z) is the opposition of the
conductor to the flow of alternating current. In the measurement
of electrical fields it is important to define the structures
through which the current flows. This is relatively easy to achieve
in volume conductors of simple geometry and homogeneous electrical
properties but less simple in biological tissues e.g. the thorax
with its unspecified shape and intrinsic differing electrical
properties. The influence of major cyclical physiological changes
e.g. cardiac activity and respiration may further complicate
measurements of the intrathoracic electrical field. In the
practical application of transthoracic impedance measurements,
however, the absolute total impedance value is of less importance
than changes in impedance which relate to altered fluid/air volumes
and changes in cardiac volumes during physiological cycles (1).

Total impedance is the sum of the resistance of the tissue as
an electrolyte and resistance of the tissue as a condenser
(capacitance). A resistance vector quantity is expressed as

follows (2).



—
Z =\fAR2 + x2 cssesesss Bguation 1.1,

where Z = impedance

R resistance

X

reactance (of which capacitance is the major component)

In measuring the impedance of a tissue the reactance can be
excluded by the use of a compensatory condenser in the measuring
device (2). Furthermore, in mammalian tissues, the reactive
component is wusuvally very small and for the amalysis of variations
in thoracic impedance it is justifiable to assume that the impedance
is only resistive (3) when the current frequency lies within the

range of 30 to 200 kiloherz.

IMPEPANCE CARDIOGRAPHY

The well known fact that a change in the volume or in the shape
of a body between two electrodes in a high frequency circuit
influences the resistance or impedance has been untilized by many
workers (4 —8) in an attempt to study volume changes in the heart.
In 1907, Cremer (4) placed an isolated frog heart in the air between
two condenser plates and obtained a cyclical change in the measured
capacitance with each heart beat. In 1932, Atzler and Lehmann (6)
noted similar changes in hearts placed between the insulated plates
of a 100 megaherz oscillator and Rosa (7) related the changes
observed im the precordial capacitance values to changes in
underlying blood flow.

Nyboer (9) suggested that changes in electrical resistance were
due to changes in the cardiac volume but he later regarded the
impedance change as being related to fluctuations in the calibre of
the major blood vessels induced by the cardiac cycle (10), This

principle led to the coining of the term impedance plethysmography.




Nyboer (10) stated that the change in the volume of blood

within a body segment (the finger) could be calculated from the

derived expression for the volume of a cylindrical conductor.

where V

This

[ g— crtacsenenes Equation 1:2.

change in the volume of blood.

specific resistivity of blood in the
segment.

length of segment of the conductor.

calculated parallel =resistance of blood related to the
volume change.

formula was, however, derived theoretically and assumed a

fairly uniform current density throughout the cross section of the

conductor;

a principle which does not apply to the thorax (11),

The advent of space flight in the early sixties stimulated the

search for a non—invasive method of measuring the cardiac output.

Kinnen and his co—workers developed a two electrode thoracic

impedance plethysmograph and adopted a simple formula relating the

stroke volume to measured impedance changes (12) although they

stated that there was no theoretical justification for it.

AV

where AV

AZ

Z

A

I

I

It

AZ
—_— XV ciiiiiienneas Equation 1:3
Z

Stroke volume

Variation in transthoracic impedance
due to cardiac activity.

Transthoracic impedance

Volume of thorax

Kubicek and his colleagues later developed a tetrapolar

impedance plethysmograph with circumferential band electrodes

(Fig 1:1) and introduced another empirical formula for the
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calculation of the stroke volume (13).

L2
AV = p —— AZ ....... eseess Equation 1:4

7 2

o
where AV = ventricular stroke volume (cc)
p = electrical resistivity of blood at 100k Hz (average
value 150 ohm.cm.)

I. = mean distance between the two inner electrodes (cm).
Z0 = ‘basic impedance between the two inner electrodes (ohms).
Z = extrapolated maximum impedance change during systole.

Z was initially derived graphically from tracings of cyclical
changes in basal impedance but was later derived from the product of
the ventricular ejection time and the first derivative of the
maximum change in impedance in order to reduce the error in

calculating the change in impedance (14) (Fig 1:2).

Lz T

AV =0p 5 (dZ/dt) min ....... . Equation 1:5
Z,

where AV = ventricular stroke volume (cc)

p = electrical resistivity of blood at 100k Hz (average
value 150 ohm.cm.)

L. = mean distance between the two inner electrodes (cm.)
(measured front and back)

Z,= basic impedance between the inner two electrodes (ohms.)

T = wventricular ejection time (seconds)

dZ/dt= first derivative of maximum change in impedance

(ohms/sec.)

The Kubicek equation (Equation 1.5) was empirical and he made
no attempt to justify the expression nor did he explain the
dependence on p and L. He reported that the measured cardiac output
was consistently overestimated by this formula. The EKubicek

eguation was given a certain credence which was neither deserved nor
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% : FIRST DERIVATIVE OF IMPEDANCE WAVEFORM

T : VENTRICULAR EJECTION TIME

FIGURE 1:2

CYCLICAL CHANGE IN BAS_AL IMPEDANCE AND FIRST DERIVATIVE
OF IMPEDANCE (ADAPTED FROM KUBICEK ET AL (14))




intended by Kubicek and his co—-workers.

The first commercially available impedance cardiograph was
developed by Kubicek and his colleagues in Minnesota in the late
sixties (14) and since that time the Minnesota Impedance Cardiograph

has been evaluated in many centres throughout the world (Fig 1:3).

ORIGIN OF THE IMPEDANCE CARDIOGRAM TRACE

The tranmsthoracic electrical impedance cardiogram obtained by
tetrapolar plethysmography is synchronous with the electrocardiogram
and related to cardiac cyclical activity (13). The impedance
change (AZ) reaches a maximum before the start of ventricular
ejection and then decreases to reach a minimum at the time of peak
aortic pressure (15). That part of the impedance waveform (AZ) at
the time of ventricular diastole begins from an apparent dicrotic
notch and then shows an increase in impedance until the end of
diastole (in Fig 1:2, a rise in the amplitude of the AZ trace is
associated with a fall in impedance and vice versa). The first
derivative of the impedance cardiogram (dZ/dt) forms a more useful
basis for study because it has sharper demarcation points, is more
stable during respiratory cycles and is used to calcunlate the stroke
volume (16).

The cardiac impedance signal is very small (11) and accounts
for approximately one per cent of the measured total basal thoracic
impedance value. Blood is an excellent electrical conductor when
compared with other biological tissues (17) and during systole the
main haemodynamic effect in the thorax is for a redistribution of
blood into the pulmonary circulation. Lesser effects are reduced
blood content in the heart associated with reduced cardiac cavity

dimensions, a transient increase in blood flow to the thoracic walls
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and swelling of tissues in the chest.

Various hypotheses have been proposed to explain the origin of
the cyclical cardiac impedance waveform (Table I).

1. Pulmonary Circulatory Changes

The first systematic investigation of cardiac volume changes
and rhythmic variations in the blood content of the major
intrathoracic vessels was reported in dogs in 1952 (18). Impedance
changes were associated with the expulsion of blood from the heart
and the blood flow to the lungs and not to the actual volume changes
of the heart. The blood content of the vascular bed between the
electrodes was the principal factor in determining the extent of the
impedance change and an increased blood flow was associated with a
proportionate reduction in impedance values. The influence of the
heart appeared to be very small but the electrodes were placed on
the limbs or on each side of the chest wall and not in a
circumferential tetrapolar confignration.

Kinnen and his colleagues (12) suggested that the measured
impedance waveform and amplitude changes appeared to instantaneously
reflect the cyclical changes in the pulmonary blood volume. Farman
and Juett (19) observed that impedance variations synchromous with
cardiac activity were often considered to be due to artefact and
they considered that the apparent cardiac impedance wave was
indicative of pulsatile changes in the intrathoracic blood volume.

Kubicek and his co—workers stated that the tetrapolar impedance
measurement technique monitored pulsatile right ventricular ejection
(13) into the pulmonary circulation and in 1970, Japanese
experimental evidence, obtained in anaesthetised dogs, was strongly
in favour of the principle that c¢yclical impedance changes

synchronous with cardiac activity reflected mainly haemodynamic



1. Pulmonary circulatory changes.

2. Mechanical movement of the chest wall and the influence of
electrode/tissue interface.

3. Changes in cardiac shape, size and movement.
4, Pulsatile blood flow in the venae cavae and pulmonary veins.
5. Pulsatile blood flow in the aorta.

6. Rate of blood flow.

TABLE I

HYPOTHESES FOR THE ORIGIN OF THE CARDIAC IMPEDANCE WAVEFORM



changes in the pulmonary circulation and bore no relation to cardiac
action or blood volume changes within the great vessels (20-21),
These animal experimental studies, were, however, performed using
tetrapolar leads on the side walls of the chest unlike Kubicek's
circumferential lead configuration.

Lababidi and his colleagues studied the Kubicek impedance
technique in children with left to right cardiac shunts and observed
that the derived impedance cardiac output correlated well with
pulmonary blood flow but poorly with systemic flow (22).

Goto observed marked changes in the amplitude and character of
the cardiac impedance waveform in dogs when he experimentally
produced an excess haemodynamic load in the pulmonary circulation by
artificially increasing the left atrial pressure with a balloon
catheter (23) or by inducing a reversible bypass between the left
ventricle and left atrium (24).

2. Mechanical Movement of the Chest Wall and Electrode/Tissue
Interface

In a major critical analysis of tramsthoracic electric
impedance plethysmography, Hill and his colleagues (25) stated that
a basic error in the principle of measurement of thoracic impedance
was due to the fact that the electrode tissue interface was
extremely sensitive to impedance changes and that very large
impedance changes might occur due to the simple outward mechanical
pressure produced by ventricular systolic filling. Erohn and his
co—workers (26) refuted Hill's statements and observed that if skin
electrode pressure significantly influenced the impedance tracing
then it should occur especially during systole when the point of
maximum impulse presses against the overlying electrodes and the

impedance value should decrease, but in actual tracings of a



hypertrophied left ventricle, the impedance was observed to rise
during systole and the impedance changes due to the change in the
shape of the heart were greater than any variationm at the
electrode/tissue interface, which accounts for less than 10% of the
total impedance change (27).

In a further defence of electrical impedance plethysmography,
Kinnen (28) commented that measured impedance values might be
influenced by a variety of factors including electrode shape, size,
composition, pressure and location, conductive paste, specific body
segment examined and the electrical current and frequency used but
his group showed no relationship between impedance changes and
surface motion of the thoracic wall and Kira (20) observed
rhythmical impedance changes when he applied electrodes directly to
canine lungs, after thoracotomy, which were similar to the signals
obtained when the electrodes were applied to the intact chest wall
in the same animals,

3. Changes in Cardiac Shape, Size and Movement

Witsoe and Kottke (29) observed that cyclical impedance changes
only appeared to relate to intrathoracic systemic circulatory events
and that, in dogs, the rapid systolic decrease in impedance only
occurred when blood was ejected from the left ventricle into the
aorta; a phenomenon which appeared to be independent of right
ventricular ejection. Geddes and Baker (30) injected saline into
both ventricles in dogs and noted that left ventricular ejection
contributed more to the change in transthoracic impedance than right
ventricular ejection.

In a study of point electrode vector impedance cardiography

(31) Hanish and his group noted that the greatest change in cardiac

10



impedance was related to the change in the shape and volume of the
heart dincluding the blood in the cardiac chambers. During
ventricular ejection, the ventricular myocardium increased in
thickness especially towards the base of the heart. Krohn and his
colleages (26) using point electrodes concluded that the cardiac
impedance waveform was due to c¢yclical changes of the shape of the
heart and they observed that, during early systole, when the lateral
ventricular walls came together the normal heart changes from a
spheroid to a conoid shape. This decreases impedance across the
shortened diameters and increases impedance across the long axis but
changes in electrode proximity to the heart might influence the
impedance tracing obtained (32).
4, Pulsatile Blood Flow in the Venae Cavae and Pulmonary Veins

The flow of blood in the venae cavae is pulsatile (33, 34) and
a similar situation exists in the pulmonary veins (35). Karnegis
and Kubicek (36) noted that the contraction of the atria and of the
ventricles was associated with identifiable components in the
impedance change waveform and they speculated that cardiac thoracic
impedance changes might be related to the pulsatile flow of blood
through the venae cavae and/or the pulmonary veins as well as
cardiac activity.
5. Pulsatile Blood Flow in the Aorta

Kubicek and his co-workers observed that, in experimental
studies in dogs, there appeared to be a linear relationship between
the peak values of dZ/dt and peak aortic blood flow (14). Mohapatra
and his colleagues performed experimental studies using intra—aortic
balloon pumping and concluded that there was no marked contribution
to the cardiac impedance signal from pulsating blood flow in the

aorta (16).

11




6. Rate of Blood Flow

Geddes and Baker (30) observed a bigger change more quickly in
the impedance waveform when 2 ml, saline was injected experimentally
into a dog’s left ventricle than when the same volume was injected
into the right ventricle and this difference appears to be due to
the higher velocity of left ventricular ejection compared with right
ventricular ejection (16). Mohapatra has postulated that the rate
of change of ventricular ejection of blood might be more important
than the volume of ejection in explaining the origin of the cardiac

impedance waveform (16).

SUMMARY

Very little is known about the electrical field and current
flow paths within the thorax and it must be accepted that Kubicek's
stroke volume equation is empirical. Kubicek stressed that hig
formula was, however, useful and that absolute cardiac output values
are seldom required in medicine although relative changes in cardiac
output induced by stress or drugs were important measurements and
tetrapolar transthoracic impedance plethysmography might be a useful
non—invasive technique for assessing cardiac output changes in
individual subjects in a variety of clinical sitmations (15).

Cyclical small changes in transthoracic electrical impedance do
occur and are related to the cardiac cycle but from published
evidence it is not clear whether the impedance changes relate to
left ventricular ejection, right ventricular ejection or a
combination of both. More than one intrathoracic phenomenon
contributes to the overall observed impedance change associated with
the cardiac cycle and the impedance change is related to changes in

the volume and velocity of blood motion within the electrical field

12



within the thorax when the tetrapolar circumferential lead system is

ntilized.
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CHAPTER 2

METHOD OF OBTAINING THE IMPEDANCE CARDIAC WAVEFORM

THE METHOD

Transthoracic electrical impedance (Zo) was measured by the
Minnesota Impedance Cardiograph (Albury Instruments) which comprises
a constant current oscillator and a high impedance voltmeter. Four
aluminized Mylar Electrodes attached to an adhesive—tape backing
were applied circumferentially, at the top and root of the neck, at
the level of the xiphisternum, and around the upper abdomen (Fig
1:1). A 100 kx Hz., 4 ma alternating current passes between the
first and fourth leads and the second and third leads act as pickups
at the upper and lower boundaries of the thorax. The value of Z0
is displayed continuously and the impedance signal is passed through
a differentiator. The electrocardiogram, phonocardiogram, first
derivative of the impedance cardiogram (dZ/dt), and an external
arterial pulse trace (taken from a carotid or subclavian artery by
means of a diaphragm-—type tambour and Elema—Schonander 510C
transducer), were recorded simultaneously on a Elema—Schonander
Mingograph 34 recorder, at a paper speed of 100 mm/second (Fig 2:1).

The beat to beat stroke volume was derived according to the

equation of Kubicek and his colleagues (14).

L2T
V=op (dZ/dt) min .......... Equation 1:5
Z,
where AV = ventricular stroke volume (cc)
p = electrical resistivity of blood at
100 k Hz (Kubicek 1975) (37)
L = mean distance (cm) in the midline

between the two inner electrodes
(2 and 3) (measured front and back)

14



P R LEAD I

QJV A: Simultaneous with 4th heari sound

B: Synchronous or almost synchronous
with maximal deflection of lst heart
sound

X: Synchronous or almost synchronous
with aortic valve closure

Y: Synchronous or almost synchronous
with pulmonary valve closure

O: Synchronous with rapid ventricular
filling phase

R.Carotid

FIGURE 2:1

SIMULTANEOUS FOUR CHANNEL RECORDING IN 80 YEAR OLD
HEALTHY FEMALE (PAPER SPEED 100 mm/sec)



Z = basal impedance between the two
inner electrodes (ohms)

dZ/dt = first derivative of impedance change
(ohms/second)
T = 1left ventricular ejection time from

the upstroke to the dicrotic notch

in the arterial pulse trace (seconds)
and the cardiac output was derived from the average stroke volume
over ten consecutive beats, and the heart rate.

Cardiac Output = Stroke Volume x Heart Rate .......... Equation 2:1

For the purposes of the present studies, L in the formula for
derivation of the stroke volume was taken as the mean of the
distances between the second and third circumferential leads
measured in the midline at the front and the back of the chest.
These two measurements may differ considerably in elderly patients
with kyphosis and the use of the mean of the two measurements rather
than one seemed preferable. Most workers have followed the example
of Kubicek and his colleagues (14) and used the mean of the two
values for the back and front of the chest but other groups have
only measured the distance on the front of the chest in studies in
animals (38) and humans (39-42),

The left ventricular ejection time was derived from a carotid
or subclavian arterial pulse tracing, rather than from the record of
the dZ/dt waveform. In some tracings of dZ/dt the left ventricular
ejection time is difficult to determine since neither the beginning
nor the end of the ejection time may be clearly marked. Ten
complexes were measured and the results averaged in order to
minimize the effects of respiration on dZ/dt since many elderly

patients have difficulty in prolonged breathholding.
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Patient Safety and Ethical Considerations

In the tetrapolar thoracic electrical plethysmography
technigue, electrical current is passed into the thorax but
frequencies higher than 20 k Hz provide electrical protectiomn and do
not produce any appreciable electrode polarisation (16).
Electrical stimulation of the skin does not occur, there is mno
localized change in the tissuwe and there is no risk of inducing
respiratory arrest or ventricular fibrillation (43),

A tetrapolar system is used in preference to a two lead system
to reduce the likelihood of electrode/interface artefact and skin
contact impedance. Uniform current density distribution is
obtained in the segment under study and electrode polarisation is
less likely to occur.

The technigque is totally mnon-invasive and is therefore suitable

for use in clinical studies in human subjects.

MODIFICATION OF THE METHOD OF OBTAINING THE IMPEDANCE WAVEFORM IN
ELDERLY SUBJECTS

In the clinical application of the impedance technique, it is
important that the first and second circumferential electrodes i.e.
the upper current and pick-up electrodes should be placed at least
three centimetres apart or invalid results may be obtained. The
first lead can, however, be placed on the forehead as a strip with
little apparent difference in the basal thoracic impedance value
(Z,) or the dZ/dt waveform obtained (16).

In some elderly subjects, and especially females, a tendency to
kyphosis and a low hairline at the back of the neck make it
difficult to achieve a constant minimum three centimetre distance

between the first and second electrodes on the neck. A comparison

16



study of basal impedance and derived cardiac output values was
carried out with 1) lead I as a strip on the neck and 2) lead I on

the forehead in elderly patients.

Subjects and methods

Nine male and four female patients {(age range 69-83 years)
under the care of the University Department of Geriatric Medicine
were studied.

Cardiovascular diagnoses are listed in Table II. Basal
thoracic impedance values (Zo) and derived cardiac output values
were obtained as described in pages 14-15 with lead I placed on the
neck and on the forehead. The second, third and fourth leads were

placed in the standard positions.

Results

The results are detailed in Tables II and III. In most
patients the basal thoracic impedance value (ZO) was lower when Lead
I was placed on the forehead (mean difference 0.53 ohms, standard
deviation 0.55) and this difference was significant when analysed by
a paired t test (t = 3.47, p < 0.005). There was no observed
difference in the amplitude or waveform of the first derivative of
impedance (dZ/dt).

The resultant effect of the change in basal impedance was
reflected in the values obtained for cardiac output. Cardiac
output values were on average 6% higher when Lead I was on the
forehead (mean difference 0.22 1/min., standard deviation 0.22) and

this was significant (t = 3.6, p < 0,005).

Piscussion

It is clear that if a lead configuration with the first

17
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circumferential lead on the forehead is used then a higher falue for
the impedance cardiac output will be obtained due to a reductionm in
the measured basal thoracic impedance (Z,). This is important in
haemodynamic studies of the elderly and infants where anatomical
factors may preclude positioning two circumferential leads on the
neck.

Lead I should be placed on the neck where possible and if this
is not practical, themn serial recordings of stroke volume and
cardiac output values should be measured with a constant lead
configuration or unnecessary errors will occur. In most studies
in individual subjects the small differences in Z0 and cardiac
output although statistically significant may not be of clinical
importance.

MEASUREMENT OF THE LENGTH OF THE THORAX IN THE IMPEDANCE TECHNIQUE
IN THE ELDERLY

Most workers have followed the example of Kubicek and his
colleagues (14) and have wused L (cms) in the formula for
deriving the volume as the mean of the distances beween the second
and third circumferential leads measured in the midline at the front
and back of the thorax (L/2). Other groups have only measured the
distance on the front of the chest in studies in animals (38) and
humans (39-42), Measurements of the length at the front and the
back may differ considerably in elderly subjects with kyphosis and a
study was undertaken to assess the importance of the difference in
these two measurements in young and elderly subjects.

In one previous study L. was determined from the mean of six
measurements made between the two inner electrodes taken at the
anterior and posterior midlines, midclavicular lines and scapular

lines (41). A second study was therefore performed in elderly
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patients to assess the effect of any differences between L/2 and

L/6.

Subjects and Methods

First Study Twelve healthy young adults (6 males and 6 females, age
range 24-48 years) and 39 elderly subjects (21 males and 18 females,
age range 60-91 years) with no clinical, radiological or
electrocardiographic evidence of cardiovascular disease were
studied. Four circumferential electrodes were applied in the
standard fashion as described in page 14 and L was measured at the
front and the back in the midline between the inmner two electrodes.
Second Study Seventeen elderly patients (6 males and 11 females,
age range 63-86 years) under the care of the University Department
of Geriatric Medicine were included in this study. Three patients
had no clinical, radiological or electrocardiographic evidence of
cardiovascular disease, The remainder had cardiac disorders as
described in Table IV. Four circumferential electrodes were
applied as in the firstvstudy and L was measured as the mean of the
distances in the midline at the front and th# back of the thorax
between the two inner electrodes (L/2) and as the mean of six
measurements made between the two inner electrodes taken at the
anterior and posterior midlines, midclavicular lines and scapular

lines (L/6).

Results

First Study Detailed results are displayed in Appendix 1 and a
summary of the data is presented in Table V. In young men the
average difference between Ly ., and Ly, 4 was 9.6 cm (38.5%) and

very similar values were obtained in elderly males. In young women
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very similar values were obtained in elderly males. In young women
the average difference was smaller than in the males at 3.6 cm
(15.8%) but in elderly females Leront ¥as shorter and Ly, .4
relatively greater because of a tendency to kyphosis; the average
difference was 12.4 cm (72.3%). Males and females in both age
groups had similar values for L/2 although in males L/2 was on
average 5 cm greater.

In young females there was little difference between Leront 2nd
L/2 (8%) but in elderly females there was a considerable difference
(34%) . In young men the difference was 19% and elderly males 23%.
Second Study The results of this study are detailed in Tables IV
and VI. Values for L/6 were systematically higher than for L/2 by
5% (range 0 - 10%) and these were significantly different by a
paired t test (¢t = 7.7, p < 0.001), Derived values for L/6
cardiac output were observed to be systematically greater than for
L/2 cardiac output by 9.8% (range 0 — 21.8%) and these values were
significantly different by a paired t test (t=5.7, p < 0.001).
Discussion

In previous studies of young or middle aged adults Leront ¥8s
used and in two of these studies, which were correlative with other
methods of cardiac output measurement, more accurate results were
obtainedwith L . values than with L/2 (42) or L/6 values (41).
Keim et al (40) observed that values for impedance stroke index were
significantly lower than dye dilution values when Lfront was used
but they commented that this might have been due to the fact that
they used Lfront instead of the greater values which obtain with
L/2,

There is little difference between Lp . and L/2 in young
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females but there is a + 19-23% difference in men and a + 34%
difference in elderly females. The use of Lfront rather than

L/2 in the impedance stroke volume formula will tend to
underestimate values for the stroke volume and cardiac output
particularly in elderly females and the use of L/6 values will tend
to overestimate the cardiac output in elderly subjects by
approximately 10% compared to cardiac output values derived from
L/2.

In studies of the elderly, therefore, the length should be
measured as the mean of the distance between the inner two
electrodes on the front and the back of the thorax in the midline to
minimize the differemce between Leront 8nd Lhack especially in the
elderly kyphotic female. It is unlikely that the use of L/6 values
will ©be more accurate as most workers have reported that the
standard impedance technique using L/2 values tends to overestimate

the stroke volume.
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CHAPTER 3
REPRODUCIBILITY OF THE IMPEDANCE CARDPIAC OUTPUT
TECHNIQUE
The reproducibility of the techmnique of impedance cardiography
for the measurement of the stroke volume and cardiac output has been
found to be very good in studies of healthy adults (2, 13, 42, 44-
46) and neonates (47), in hypertensive adults (42), adult cardiac
patients (48-50), children with congenital heart disease (22, 51)
and pregnant women undergoing Caesarean Section delivery (52). A
study of the reproducibility of the technique was undertaken in a

group of elderly subjects.

Subjects and Methods

The reproducibility of the impedance method for estimation of
the cardiac output was determined by a study of 41 patients under
the care of the University Department of Geriatric Medicine.
Twenty—one females and 20 males were included in the study (age
range 61-87 years) (Table VII). Seventeen patients had mno
clinical, radiological or electrocardiographic evidence of
cardiovascular disease. Thirteen patients had evidence of
ischaemic heart disease, four had left ventricular hypertrophy,
three had atrial fibrillation, one left bundle branch block, one
left anterior hemiblock, one aortic stenosis and one patient had
mitral regurgitation.

Two estimates for the cardiac output were obtained by the
impedance method (pp 14-15) for each patien£, within fifteen

mingutes, at rest.

Results

The results for paired values of the cardiac output are
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DIAGNOSIS FEMALES (21) MALES (20)

Cardiovascular normal 9 8
Ischaemic heart disease 6 7
Atrial fibrillation 2 1
Left ventricular hypertrophy 2 2
Left bundle branch block - 1
Left anterior hemiblock 1 -
Aortic stenosis - 1
Mitral regurgitation 1 -
TABLE VII

REPRODUCIBIITY STUDY OF IMPEDANCE CARDIOGRAPHIC ESTIMATION

OF CARDIAC OUTPUT IN 41 ELDERLY IN-PATIENTS



—

detailed in Tables VIII and IX and are displayed in Figs 3:1 and
3:2. The mean difference between the values obtained by the
impedance method was 0.05 litres /minute (standard deviation 0.22).
There was no significant difference in the paired values by analysis
with the paired t test (t = 1.34) and the correlation between the

paired values was high {(r = 0.99, p < 0.001),

Discussion

This study has confirmed that the impedance method of
estimating the cardiac output is highly reproducible in elderly
adults with or without cardiac disease who are at rest. In
previous studies, the reproducibility of the impedance method has
been shown to be as good or better than the reproducibility of
standard methods of measuring the cardiac output, i.e. the dye
dilution method (13, 22, 42, 48-9), the thermodilution method (45,
52) and the technique of effective pulmonary capillary blood flow

(47) (see Appendix 2).
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IMPEDANCE CARDIAC OUTPUT

FIRST SECOND
AGE VALUE VALUE DIFFERENCE
CARDIOVASCULAR DIAGNOSIS (YRS) L/min L/min L/min
Normal 70 4.2 4.3 + 0.1
Normal 66 3.5 3.5 0
Normal 73 3.4 3.1 - 0.3
Normal 76 5.5 5.3 - 0.2
Normal 78 6.0 6.2 + 0.2
Normal 61 3.3 3.3 0
Normal 69 7.5 7.8 + 0.3
Normal 83 2.5 2.6 + 0.1
Normal 71 6.1 6.1 0
Ischaemic heart disease 78 7.6 7.1 - 0.5
Ischaemic heart disease 71 5.8 5.8 0
Ischaemic heart disease 86 4.3 4.5 + 0.2
Ischaemic heart disease 80 2.3 2.3 0
Ischaemic heart disease 85 2.0 2.0 0
01d myocardial infarction 70 5.7 5.5 - 0.2
Left ventricular hypertrophy 79 5.2 5.1 - 0.1
Left ventricular hypertrophy 75 3.9 3.9 0
Atrial fibrillation 80 7.8 6.9 - 0.4
Atrial fibrillatiom 79 3.9 3.5 - 0.4
Left anterior hemiblock 85 4.4 4.3 - 0.1
Mitral regurgitation 74 4.5 4.2 - 0.3
TABLE VIIX

PAIRED VALUES FOR IMPEDANCE CARDIAC OUTPUT IN
FEMALE PATIENTS (n = 21)



IMPEDANCE CARDIAC OUTPUT

FIRST SECOND
AGE VALUE VALUE DIFFERENCE
CARDIOVASCULAR DIAGNOSIS (YRS) L/min L/min L/min
Normal 77 5.6 5.7 + 0.1
Normal 69 5.8 6.1 + 0.3
Normal 80 5.6 5.4 - 0.2
Normal 86 5.4 5.6 + 0.2
Normal 76 7.1 7.4 + 0.3
Normal 74 7.7 7.3 - 0.4
Normal 72 4.6 4.9 + 0.3
Normal 75 3.1 2.9 - 0.2
Ischaemic heart disease 70 7.0 6.9 - 0.1
Ischaemic heart disease 73 4.7 4.6 - 0.1
Ischaemic heart disease 87 4.7 4.7 0
Ischaemic heart disease 86 3.4 3.3 - 0.1
01d myocardial infarction 19 3.8 3.4 - 0.4
014 myocardial infarction 76 4.4 4.3 - 0.1
01d myocardial infarction 71 8.2 8.2 0
Atrial fibrillation 84 3.5 3.3 - 0.2
Left ventricular hypertrophy 86 6.1 5.9 - 0.2
Left ventricular hypertrophy 70 10.6 10.7 + 0.1
Left bundle branch block 70 4.6 5.0 + 0.4
Aortic stenosis 69 7.6 7.6 0
TABLE IX
PAIRED VALUES FOR IMPEDANCE CARDIAC OUTPUT IN MALE PATIENTS (n = 20)
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CHAPTER 4

ACCURACY OF THE IMPEDANCE CARDIAC OUTPUT TECHNIOUE

Since Kubicek et al (1966) developed transthoracic impedance
plethysmography as a method of estimating cardiac output, its
accuracy has been compared with other methods in more than fifty
studies (Appendix 3). Invasive techniques of cardiac output
measurement are often hazardous, time consuming and require skilled
operators (16); they have therefore only a limited role in the
investigation of the elderly. As the technique of impedance
cardiography is non—invasive, simple and very reproducible, it lends
itself to the investigation of cardiac problems in elderly patients.
The first documented correlative study of this technique in the
elderly was carried out in 1979 in Glasgow (53) and this study was
extended to elucidate likely causes for poor correlation in some
groups of elderly subjects when an isotopic indicator dilution

method of cardiac output measurement was compared.

Subjects and Methods

Correlative studies were performed in 93 patients (47 females
and 46 males, age range 64 — 95 years) under the care of the
University Department of Geriatric Medicine. The heart was
clinically, radiologically, and electrocardiographically normal in
14 patients, eight had chronic obstructive airways disease and the
abnormalities present in the remaining 71 are shown in Table X.

At the same session, the cardiac output was determined by
impedance cardiography as described in Chapter 2 and an isotopic
indicator-dilution method with the patient semisupine.

The isotopic indicator—dilution method is based on the methods
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Atrial fibrillation without valvular regurgitation
Atrial fibrillation with valvular regurgitation or RBBB
RBBB in sinus rhythm

LBBB in sinus rhythm

Complete heart block

Valvular disease in sinus rhythm

Ischaemic heart disease — no recent myocardial infarction

Ischaemic heart disease — recent myocardial infarction

TABLE X

CARDIAC DIAGNOSES IN 71 PATIENTS WITH HEART DISEASE

15

11

12



of Veall et al (54) and others (55-57). 100 p Ci of ?9Tc-labelled
human serum albumin in 2 ml saline was injected rapidly into an
antecubital vein with the arm elevated and immediately flushed in
with a further 10-15 ml of saline. Tts passage through the heart
was recorded with collimated 5 ¢m scintillation counter (Nuclear
Enterprises DM1-2), centred over the left second intercostal space
close to the sternum, and connected to a scaler—ratemeter (Nuclear
Enterprises SR—3) and chart recorder, After 5 minutes, blood was
taken from another arm vein for determination of specific activity
and measurement of blood volume, and tissue background activity was
counted over the anterior surface of one thigh (57). Duplicate
measurements separated by 5-10 minutes were made and the results

averaged. Calculations followed those of Donato et al (57).

Results

The results are detailed in Appendix 4 and are summarised in
Table XI and Figs 4:1 to 4:10.

Cardiovascular Normals {(n = 14)

Good correlation was observed over a range of cardiac output
values from 2.8 -~ 9.5 L/min (Fig 4;1). The mean difference of the
two methods was 0.2 L/min and there was no significant difference
when a paired t test was applied. The correlation coefficient (r)
was 0.937 (p < 0.001). There was a tendency for the impedance
method to underestimate lower isotope cardiac output values and to
overestimate higher values.

Ischaemic Heart Disease (n = 21)

Satisfactory correlation was observed over a range of cardiac

output values from 2.3 - 9.4 L/min (Figs 4:2 and 4:3). There were

no significant differences when paired t tests were applied to
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values for groups of patients with or without recent acute
myocardial infarction and the correlation coefficients (r) were
0.853 (p < 0.01) for patients with a recent infarct and 0.873
(p < 0.001) in those without a recent infarct.

Conduction Abnormalities (n = 16)

Good correlation was observed in six patients with left bundle
branch block (Fig 4:4) (r = 0.981, p < 0.001) and in four patients
with complete heart block (r = 0.946, p < 0.05) but poor correlation
was noted in six patients with right bundle branch block (Fig 4:5)
and in five of these patients the impedance value grossly
underestimated the isotope cardiac output value.

Atrial Fibrillation (n = 23)

Poor correlation was obtained in patients with atrial
fibrillation over a range of cardiac output values from 2.0 — 6.5
L/min (Fig 4:6 and 4:7). In three patients with atrial
fibrillation and mitral regurgitation and one patient with tricuspid
regurgitation, the impedance valves grossly overestimated the
isotope values.

Valvular Disease in Sinus Rhythm (n = 11)

Poor correlation was observed over a range of cardiac output
values from 2.4 - 6.3 L/min (Fig 4:8). The impedance values
grossly overestimated the cardiac output in two patients with
isolated severe mitral regurgitation and in one patient with
tricuspid regurgitation, In two patients with mild isolated aortic
regurgitation the impedance values showed a minor tendency to
overestimate the cardiac output.

Obstructive Airways Disease (n = 8)
A very poor correlation was observed in patients with chronic

obstructive airways disease (Fig 4:9). The impedance method
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underestimated the cardiac output in six patients but overestimated
the cardiac output in two patients with chronic obstructive airways

disease complicated by lobar pneumonia,

Summary of Results

Good correlation between fhe impedance and isotope methods of
cardiac output measurement was observed in 45 elderly subjects who
were in normal sinus rhythm, in complete heart block, or in whom
there was evidence of ischaemic heart disease or left bundle branch
block (Fig 4:10) (r = 0.896, (p < 0.001),

Poor correlation was associated with the presence of atrial
fibrillation, right bundle branch block, valvular regurgitation, or

evidence of significant chronic obstructive airways disease.

Discussion

The only function of the heart is to pump blood and the stroke
volume and the cardiac output are valuable indices of cardiovascular
performance. The importance of the accurate assessment of these
indices has been recognised for more than 100 years, despite the
many technical difficulties involved in their precise measurement
(58). Heart disease is the single greatest cause of death and
disability in the population over the age of 65 years in the United
Kingdom and the accurate measurement of the cardiéc output is
therefore important in the elderly and in particular changes in the
cardiac output induced by physiological stresses, drugs and disease
states.

A reliable, accurate method of cardiac output measurement which
is easily applied is not yet available (16) and the precision of

standard invasive methods, e.g. Fick, dye dilution, thermodilution,
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radioisotope, and electromagnetic flowmetry is not exactly
established and the results of these methods do not show a
satisfactory inter—correlation (22). Non—invasive techniques have
been developed due to a need for repeated investigations, especially
in physiological or pharmacological studies in individuals and this
is particularly applicable to the elderly who often have advanced or
multiple pathology and in whom invasive techmniques are often
difficult to perform and are associated with an increased risk of
morbidity (59).

Echocardiography provides excellent information about cardiac
functional anatomy but does not directly measure blood flow. Left
ventricular stroke volume may be derived by this technigue but only
in patients with no evidence of valvular disease and the accuracy of
this method is considerably diminished in high blood flow states and
in subjects with small left ventricular volumes (60).

Many workers have adopted the empirical impedance stroke volume
formula of Kubicek but have interpreted various components of the
equation in different ways, e.g. different resistivity formulae,
different measurements of the length of the thorax and different
measurements of the first derivative of the impedance change during
the cardiac cycle.

In animal work (Appendix 3A), good correlation has been
observed in studies comparing the impedance method with dye dilution
(38, 61-3), thermodilution (64) and the electromagnetic flowmetry
technique (14, 62, 65-8) but poor correlation was observed in one
dye dilution study (67) and in a study comparing the aortic systolic
pressure area technique (62). The impedance values tended to

overestimate the cardiac output (38, 67) especially at higher
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cardiac output levels and this was thought to be due to the
contribution of right ventricular stroke output in addition to the
left ventricular stroke output (22, 30, 62),

In many human studies (Appendix 3B) good correlation between
the impedance cardiac output techmnique and other methods has been
obtained in neonates (47), healthy adults (12, 41, 69-71) patients
with heart disease (2, 22, 49, 70, 72-81), hypertensives (42, 82),
and in patients with thoracic injuries (83), obesity (84), in
intensive care (85-7), with surgical conditions (88) and during
dialysis (89).

Poor correlation has, however, been observed in studies of
healthy subjects (40, 65, 90-92), during caesarean section (52),
before and after salt depletion (46), in patients with heart disease
(50, 91, 93, 94) and especially in those with valvular regurgitation
or left to right shunts (22, 95).

Effects of Cardiac Disorders

The impedance method tends to overestimate the cardiac output
(13, 49, 50, 65, 79, 82), particularly in patients with valvular
regurgitation (22, 70, 91), left to right shunts (22, 70) or other
canses of a large stroke volume (45, 51, 80). Some workers have
observed that the impedance technigque underestimates the cardiac
output in subjects with small stroke volumes (45, 51, 80), atrial
fibrillation and mitral stenosis (91), during dialysis (89) and in
markedly obese patients (84). This study in the elderly has
confirmed the apparent poor correlation between the impedance method
and the isotope dilution method in patients with valvular
regurgitation and in those in atrial fibrillation.

Cardiac disorders may be associated with inaccuracies in the

measured impedance stroke volume due to abnormalities in the
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impedance cardiogram waveform. Impedance waveférm distortions have
been reported in mitral regurgitation (14, 96), aortic regurgitation
(97-8) and right bundle branch block (44, 99-100). In elderly
patients with pure mitral regurgitation in this study the impedance
method overestimated the cardiac output aﬂd this supports the
findings in one other study (91) but is directly contrary to the
observations of two further studies (70, 95) where the impedance
method underestimated the cardiac output in similar patients.
There is no clear explanation for this discrepancy. In this study
two elderly patients had mild isolated aortic regurgitation and
there was only a minor temdency for the impedance method to
overestimate the cardiac output, Unreasonably high impedance
cardiac output values have been observéd in aortic regurgitation in
several studies (22, 70, 921, 95) and this may be due to the fact
that the impedance method actually measures total aortic blood flow
(95) and the distorted impedance waveform might reflect more
accurately the regurgitant fractiom (97).

In five of six elderly subjects with right bundle branch block
the impedance cardiac output was underestimated and this was
probably due to distortion of the impedance waveform (see Chapter
11).

Effects of Respiration and Chest Disease

Impedance pneumography has been used to monitor the respiratory
rate and the tidal volume (19, 101-2). The basal thoracic
impedance (Zo) value fluctuates with the respiratory cycle; the Z,
rises on inspiration and falls on expiration (103-4), Impedance
values may therefore be considerably affected by breathing which may

distort the baselime and the waveform (105-7). A number of workers
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have recommended that the stroke volume should be calculated
independent of the baseline of the impedance tracing and that
impedance measurements should be taken at the end of expiration or
during breath—holding. This manoeuvre is difficult to achieve in
many elderly subjects and it should be remembered that respiration
influences both the venous return and the heart rate (106) and
therefore the wisdom of using only beats at end expiration or during
breath—holding could be challenged. Normal quiet respiration has
little cyclical effect on the mean stroke volume (108) and it is
probably advisable to average individual impedance stroke volume
values during two respiratory cycles to improve the accuracy of the
technique.

Elderly patients with significant obstructive airways disease
had low impedance cardiac output values presumably due largely to
artificially high basal thoracic impedance values associated with
emphysema and this confirms the findings of previous studies (91,
103, 109). Milder forms of obstructive airways disease are not
associated with false low impedance stroke volume and cardiac output
values (77). In the two elderly patients in this study with
obstructive airways disease and lobar pneumonia, the impedance
values overestimated the cardiac output presumably due to a reduced
basal thoracic impedance value associated with significant pulmonary
consolidation.

Effects of Exercise

Accurate impedance stroke volume measurements may be achieved
during exercise up to submaximal workloads (41, 70, 80, 110) but
technical problems may occur at submaximal workloads largely due to
respiratory and other artefacts producing distortion in the

impedance waveform (41), These technical artefacts are usually

31



abolished by breath-holding or if measurements are taken at least
five seconds after exercise has stopped (111).
Relative Changes in Cardiac Qutput

Despite some doubts about the validity of the impedance
technique for measuring absolute cardiac output values it is quite
clear that the method will accurately reflect expected relative
changes in the cardiac output in individuwals and indeed may be a
more accurate method of measuring such changes than the dye dilution
technique (65). This degree of accuracy has been confirmed during
exercise (41, 80) after moderate exertion (2, 13, 90, 94), in
pharmacological intervention studies (2, 44, 46, 49, 76, 80), during
anaesthesia (84), after dialysis (89) and during the valsalva
manoeuvre (45-6) and orthostatic stress tests (44, 49, 69).

If, however, the basic thoracic impedance value (Zo) is not
constant in individual subjects due to the presence of pleural
effusion, pulmonary ocedema, pneumothorax or overhydration then
caution must be exercised in interpreting the impedance stroke
volume as an absolute value and this may, as a consequence, make

estimation of relative changes in the stroke volume more difficult.
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CHAPTER 5
THE KUBICEK FORMULA — BASAL THORACIC IMPEDANCE (Zo) -

REPRODUCIBILITY AND SEX DIFFERENCE

In deriving values for the left ventricular impedance stroke

volume most workers have adopted the empirical Kubicek formula (14).

L2t
AV = p “—E“ (dZ/dt)
ZO
where AV = ventricular stroke volume (c.c.)
p = electrical resistivity of blood at
100 k Hz
L = mean distance between the two inner
electrodes (cm) (measured front and
back)
Z°= Basic impedance between the inner
two electrodes (ohms)
T = ventricular ejection time (seconds)
dZ/dt = first derivative of maximum change

in impedance {ohms/sec.)

This formula is attractive because of its simplicity and
because it forms the basis for a non—-invasive method of measuring
the stroke volume om a beat to beat principle. It is however
founded on several theoretical assumptions:-—

1. The thorax is a cylindrical, uniformly conducting medium,
2. Ventricular stroke ejection is on a square wave basis.
3. There is no arterial run off during ejection.

Other more complex formulae have been proposed by Hawke and his
colleagues (112) and Mapleson and his co~workers (113) but they have
not been shown to enhance the accuracy of the impedance technique in
practice (43).

In the next eight chapters the components Zo’ T, dZ/dt and p
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will be studied. Aspects of L have been considered in Chapter 2.

Z, (THORACIC IMPEDANCE)

The basal transthoracic electrical impedance value (Z))
comprises the total of all the impedances of each separate tissue
within the thorax and Z  is a function of the volumes and ratio of
the intrathoracic biological fluids and air. There are therefore
two major components 1) Comstant component: comprising bone,
muscle, fat, connective tissue, heart and lungs, and 2) Variable
component due to variation in air and fluids in association with
cardiopulmonary function. The most significant variable factor is
air due to the high impedance of air in comparison with the low
impedance of body fluids (114).

Variations in Zo are essentially due to changes in non-
conductive volumes, mainly air, and conductive volumes which are
principally intrathoracic fluids. Clinically, however, a change in
Zo is not specific and cannot necessarily differentiate between
changes in air volumes or intravascular or extravascular water
volumes.

Z0 values in normal adults generally lie within a range of 25 +
7 ohms at 100 kiloherz (16) but they vary with the individual
subject's height, weight, body build and chest measurements (115).
Difficulties in standardizing electrode placement in multiple
recordings in individuals can be partly avoided by using the
function Z /L (ohms/cm) (15, 114).

REPRODUCIBILITY OF Z  VALUES

Little is known about the reproducibility of the measured ZO

value in humans. Three studies were completed to clarify this

point.
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Methods

Study I: Paired values for Z, were obtained, by standard
technique, in 20 elderly subjects (10 males and 10 females) at the
same session. Each patient was breathing normally. There was no
change in the lead configuration between the readings.

Study IX: Paired values for ZOIL were obtained, by standard
techniques, in four elderly subjects at the same session. L (cm)
was changed between the two readings.

Study III: Paired values for ZOIL were obtained, by standard
technique, in nine élderly subjects at two separate sessions at

least one week apart. L(cm) was different at the two readings.

Results

Study I: The reproducibility of 20 paired Z0 values at the same
session was excellent (mean difference 0.15 (S.D. 0.15) ohms or less
than 0.5%).

Study IXI: The reproducibility of four paired values for ZO/L, at
the same session, with a change in L(cm), showed a variation of up to
21% (average 8%) (Table XII).

Study III: The reproducibility of nine paired values for ZO/L at at
least one week’s interval was good but there was an average

variation of 8% (Table XIII).

Discussion

The reproducibility of Zo readings at the same session in
individual subjects is very high and the small variation of less
than 0.5% may be due to respiratory excursion or even cardiac
activity (11). A displacement of the circumferential 1lead
configuration to produce a difference in L of up to 9 cm (average 4

cm) will be associated with a variation of the ratio ZOIL by on
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average 8% and this is a greater variation than has been previously
reported in one small study of three patients where the variation
was considered to be negligible at 3% (114). It would appear
appropriate to measure the function ZO/L for each subject when
multiple recordings are required and where possible the value for L
should be kept constant to minimise errors due simply to changes in
the lead configuration.
SEX DIFFERENCE IN Z, VALUES

Despite a considerable literature on the subject of impedance
measurement, no information is available about any sex difference
in the basal thoracic impedance valune. In one study (114) ZO/L
values for 30 normal males in the supine position were 0.822 (S.E.M.
0.021) and for 30 normal females, 1.094 (S.E.M. 0.0184) but the
authors did not comment on the sex difference. The following

studies were carried out to elucidate any sex difference in Zo‘

Subjects and Methods

Study I: Zo values were obtained in the supine position by
standard techniques, in 12 young normal adult volunteers and 39
cardiovascular normal elderly subjects.

Study II: ZOIL values were obtained in the supine position, by
standard techniques in 12 young normal adult volunteers, 45
cardiovascular normal elderly subjects, 200 elderly patients with
heart disease and 16 elderly patients with chronic respiratory
disease.

Study III: In 12 young normal adult volunteers (6 males and 6
females) ZO/L values were obtained in the supine position, by
standard techniques and by the application of two additional

circumferential leads between the two pick up leads such that the
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thorax was divided into equal thirds between the pick up leads.
ZO/L values for each of the three segments were recorded in all

subjects (upper, middle and lower segments).

Results

Study I: There were no significant sex differences observed in Z0
in young or elderly subjects although Zo values were higher in the
elderly (Table XIV),

Study II: Systematic, significantly higher levels for ZO/L were
observed in females except in those subjects with chronic
respiratory disease (Table XV) (unpaired t test).

Study IXII: Total thoracic and segmental ZO/L values for upper,
middle and lower segments are detailed in Table XVI and displayed in
Fig 5:1. The significantly higher values obained for Z /L in
females is due to a sex difference in the upper segment of the

thorax.

Discussion

These studies have confirmed one previous observation that Zo/L
appears to be greater in females (114), The difference is confined
to the upper third of the thorax where thoracic impedance values are
highest (93). The sex difference is most likely to be due to the
relatively greater amount of fat, which has a high resistivity (17),
and the relatively smaller amount of skeletal muscle, which has a
lower resistivity (17), in the upper thorax of females. This
phenomenon has no apparent effect on the accuracy of derived stroke
volume studies, howevexz. The increase in ZO/L observed in men with
chronic lung disease is likely to be due to a relative increase in
the air content in the thorax which may in turn be associated with

artificially high basal Z0 values and resultant artificially low
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Mean Zo Value

Group (Standaxrd Peviation)
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