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ABS T RACT

+ It is generally accepted*that measurements of ventricular function
obtained at rest are poor predictors of the.cardiovascular response to
erercise. Impedance cardiography is'é non-invasive method that can
‘measure stroke volume and cardiac output”during‘exercise This serfes of
invest1gations were undertaken .to determine the accuracy and
reproducibiiity of the cardiac output measurements made by Impedance
Cardiography and the stroke volume-heart rate relationship in_endurance
trained athietes and in patients with coronary‘artery disease. |

No systematic ‘error was demonstrated between impedance cardiography

and the direct Fick Method over the range of 3.5 to 18 ]/min made 1in 20

N

patients. The random error. of the cardiac output and the stroke volume
~

measurements at rest and during exercise was found to be <5%. The
reproducibiiity»during'maximum exercise response was assessed in 6 ;oung
athietes‘who underwent 2 maximum exercise tests one week apart, on a
bicycie ergometer Highly s1gn1ficant correiations were obtained in the
‘stroke voiume (r 0.84, p<0.001) and cardiac output (r-O 98 p<0 001)

between the two tests Reproducibility for cardiaC/output and stroke

g volume in patients with ieft ventricular dysfunction over one week was’

: high]yvsignificant (r=0.94 p<0 001; r=0.93, p<0 001) respectiveiy.

Impedance Cardlography was incorporated ihto routine exercise

testing on a bicycle ergometer in 15 patients with left ventricular

: dysfunction, In 8 patients, the stroke voiume respohse to increasing

\

~ heart rates was abnormai Cardiac outbut was attenuated throughout "

exercise in thiS group while heart rate was increased.,



Thirty-nine, non-peta—biocked, asvﬁptomatic‘patiqnts wére'studied
- 8-10 week. foi]owing an\acute infarction Nine normal ade—matched
sedentary aduit males weére stuZied for comparisoh The patients were
separated into three groups based on the stroke voiumeaheart rate
re]ationship during graded upright exercise Group A (n 14) exhibited a
normal stroke voiume-heart rate profile. Group B (n 13) increased stroke
volume initialiy then decreased stroke«voiume >15% at heart rate .
.>100-105 beat/min Group C (n=12) faiied to 1ncrease stroke voiume
'during exercise..Group A exhibited a response to exercise that was
_ \ <

similar to the controi group. Gnoup B had an enhapced mean arterial
pressure andvvascular resistance at rest and throughout exercise while
. heart rate fincreased in a simiiar fashion to Group A until work of >70H
 was under%aken at which time heart rate increased in a curvilinear
fashion and cardiac output was attenuated Group C exhibited an

attenuated cardiaé output, a higher heart rate and failed to decreased
vascuiar resistance normaiiy during exercise

‘J Resu]ts from these investigation indicate that:
[ °
1u" Impedance‘cardiograpny is a non-invasive technique which is as

accura%g as ‘the Direct Fick Method Short and 1ong term reproducibility

was comparabie to invasive techniques.‘

2. The stroke volume heart rate profiie in post MI patients deiineates
3a subset of patients who respond to exercise abnormaily (a reduced

ventricular function and an increased vascular resistance) These- ,”"l
'patients can be identified by Impedance Cardiography during a routine |

4‘\

stress test



“
T
-

3. Ideptification of this group. of patients’may be important in

determining prognosis and planning long term therapy.
. 4 ' N
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CHAPTER 1|

. BACKGROUND INFORMATION

INTRODUCT]ON . | .

MyocarQia] infarction is a’major‘hea]th problem affecting the
population below the age of 65 years. About ?O0,000 patients are
hosptitalized annually in the United States with an acute infarction (1).
Canadian statistics (1980-81) indicate that {ischemic heart disease was
raqked sesond'as the cause for the most days of hospital care needed
(Z;A In addition, ischemic heart disease {is the 1e;d1ng cause‘of death
in both Canada (2) and the United States (2,3) with most of these heaths
occurring suddenly prior to hospitalization (3). Nnéng persons who have

‘red an infarction and leave hospital, the numper of patients

: sdffering a second event (death, sécond infarction, unstable angina)
'approaches.SO% in the first year following the acute episode (4). In
addition, a 3- to 4-fold increase in the risk of death persists even 10
years following the initial event (5). It has been reported }ecent]y
that 65% of patients who develep congestive heart fafiufe,‘which carries
- with it a low 2;year survivalkrste, have';ignificant coronary artery
disease (6). The magnitude of these stafistiés suggest that effective
means of evaluating cardiéc fuﬁct%on are requifed, especially
‘inexpensiye ones which.cgyld be used in the outpatient setting.

Assessment of the functional capacity of the cardfovascular system
1s best done during the st}ess of exercise (7,8). Jhe capacity of the

.

cérdiovascu]ar system to respond to the increased metabolfc demands that

[
;

i

H
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.

occur during exercise is achieved by alterations in hgd%t‘rate, stroke
vo]ume‘(ﬁence cardiac output), peripheral resistance and venous (
‘ capécitanée (9,10). Theseacérdiovascuﬁar adjustments to exercise are
ﬁqgordinated by the central nervous systgm. Information is .relayed from
qthe periphery to the central.nervous syﬁtem and integrated into an
effective output frﬁn the nervous system to'the cardiovascular ﬁystem
(11).
In the normal individual, free of heart disease, the cardiovascular
. System changes 1ﬁ a predictable fashion in response to graded. dynamic
exercise. Heart rate and stroke';o1ume both increase to produce a 5 to
8-fold 1ncrease in cardiac outpdt duéing maximal exercise. The heart
rate increases 2-3 fold while the stroke volume usuafly doubles
(12,13,14). When a normal subject exercises in the upright position, the
stroke vo1uﬁe increases until the heart.rate reaches 110-120 beat/min.
Thereafter‘the'heart rate alone continues to rise until-a hear'maximél
workload and he§rt'rate is reached (13). The.strok; vélume remains at a
maxiﬁhmﬁva]ue by the utilization of the diastolic aﬁa systolic reserve
ﬁ,mg¢hanisms (14,15). In some patients with ischemic heart diseaSé, the"
1not}opjc'res?onse to sympathetic stimulation may be Q1unted apq thg
stroke volume fis increésed by the Sfarling mechanism alone (15). When
the Starling mechanism is utilized fully in these patients, strokel-
" volume becomes extremely sensitive to alterations in afterload and the
“stroke volume wil]_decreése (16). The ability to idénfify patients with . .
.

~a limited diastolic and systolic reserve during exercise may be o

important in predicting prognosis an& in planning long term therapy.
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Left ventricular functijon 1s‘generally assessed hy.evaluating the
'determjna s of stroke vo1ume (1.e. end-diastolic volume or pressure,
enuasystJZTc volume or pressure), cardiac output and/or by eva1uat1ng
contracti]ity (ejection fraction‘ velocity of‘%frcumferentia]
shorten1ng) and ventr1cu1ar wall motion. Current techniques availab]e
for evaluating these parameters include formal cardfac catheter1zpt10n.
: 1nsertign of f]pw darected catheters, radionuc]ide ventritu1ography and
echocardiography. Being invasive, the first two methodstare not‘wfthout
risk to the patient and cannot be performed repeatedly on a11 patients
suspected of having heart disease. In addition, these procedures require
“expensive equipment and experienced, we]] trafned personhel With the
‘development of echocardtography and rad1onuc11de ventr1culography
has been possible to obtajn a great deal of 1nfonmation regarq;ng

ventricular function non-invaSive]y However, these methods. also are'

cost]y and require well trained personneT for acqu1r1ng and 1ntrepreting h

the- data Further radlonuc11de studies use radioisotopes and again are
not readily repeatable}rA]l these methods are usually perfonned in the
recumbent or sem1—recumbent position”and are difficu]t to perform during
esercise. o |

The long term management of the card1ac patient requires
assessment of ventricular perfonnance periodically over months or years.
This requires a Lnocedure that is acceptable to the patient (that fs

non-invasive), highly reproducible and inexpensive. Due to the

limitations of the conventional techniques for evaluating myocardiaT ‘

performance, it is proposed that impedance cardiography may be a method

with possible applicatfon for use in the éardiac patient. The method

4
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compares favorably with standard techniques for measuring cardiac output
(see review 17) Using this technique it has been possible to monitor

the expected biological variation during exerclse or postural changes
(18,19). R | - |

| It.is suggested that impedance cardiography could be‘usedlto
“document the stroke uolume~heart rate response in both normal subjects
and cardiac -patients. Although the stroke volume and heart rate change
in a'predictable pattern during graded upright exerctse in the normal
subjects (12,13), the corresponding pattern is not known with certainty‘
in patients with left ventricular dysfunction and in patients following
an- acute infarction. Further, evaluation of this relationship in

patients with known cardiac disease may be important in defining.left‘

ventricular function.

zpothese to be Tested

1 Measurement of cardiac output using Impedance Cardiography -
correlates positively and significantly with cardiac output measuLements
using the direct Fick method | .

2. The random error or short term repeatability of the cardiac
‘output and stroke volume measurements using the Impedance Cardiography
is acceptable for clinical use. )

3. Measurement of cardiac output ‘carried out one week apart in
healthy endurance trained athletes is reproducible. , f | . ﬁ:e?

4. Stroke volume-heart rate profiles can be generated | ‘
non-invasively‘in submaximal and maximal exercise in well trained - / f e

athletes.
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5. Measurement of cardiac output and stroke volume carried out one

3

week apart in ‘patients wlth heart d1sease 1s reproducib1e. f

6. Stroke volume~heart rate profiles can be generated
non- 1nvasive1y ln patients with ]eft ventricular stfunctionq

7. Stroke volume heart rate proflles can be generqted in patients
at 8-10 weeks fol]ow1ng an acute myocardial infarction by lmpedanCe‘ -

card1ography*

\

-



 DETERMINANTS OF CARDIAC PUMP PERFORMANCE
Evaldation of myocardial penformance is usually focused on the
ability of the left ventricle to act as a pump. In a inen situation,
the determinants of cardfac output are the heart rate and strohe‘volume,
~ Although heart rate.and stroke volume‘aré often approached.aS“being
1ndependent,factors in the control of cardiac output, these two
vaniables are‘interdependent (14). The factors that affect stroke volume
will be discussed in"the foliowing section and include: the preload,

afterload and conptractility of the ventricle,

N

, Preload

Principles of.my0cardial performance, based on the existing
knowledge oi'the skeletal muscle length—tension relationship was
investigated by.Starlingland‘co—workers and published in a series of
L

| classical papers between 1912 1920 (20, 21 ,22). This series of
linvestigations demonstrated the fundamental relationship between f}ber
length.and cardiac performance. Starling's law of the heart was
subsequently formulated and states that “"the energy of contraction is a
function of the length of the muScle fiber“ (22) This law is an '
expression of the length tension relationship and defines ventricular
function as a function of variations 1n preload In the intact heart
‘increases in preload or the end diastolic volume result in an
laugmentation of the extent and veloc1ty of wall shontening and therefore
an increase in’ stroke volume (20). ” -

The concept of diastdlic fiber length as a. principle physiological

'determinant of systolic function was. rejected initially. However in



1954 Sarnoff and Bergland showed experimentd?ly that the relationship
Detween diasto]ic fiber: length and systolic performance (stroke volume
or strbke work) is characterized by a family of Starling curves (23).
The stroke work was shown to- change in relation to left atrial pressure
,under different experimental conditions (l e. sympathetic stimulation or
a change 1n after]oad) without changing the basic shape”of the
ventricular function curve, These 1nvestigat10ns formed the ‘basis tor

" the ‘entricular function curves in the intact, ejecting ventricle which
relates ventricular end diastolic volume or pressure to stroke volume
and stroke work (23). | . ’

Mechanisms whereby changes in the initial length altered tension
development in striated muscle was defined by studies which correlated ,
‘ muscle ultrastructure with function (24) The relation between sarcomere
length and isometric. tenSion development was. determined initially in

skeletal muscle by Huxley.and cofworkers (25,26,27). Later SonnenbliCK )

et al:(1963) found that force‘develOpment‘in cardiac muscle was'greatest

at a mean. sarcomere length of 2. 2u with force decreasing sharply at both.jv

shorter and longer lengths (28) These 1nvestigators explained both the
ascending and descending 1imb of the Starling curve by this mechanism
(28) A review of the subject was presented later by Sonnenblick in 1974w°
(29). Recent ev1dence suggests that the 1ncrease in developed tension
" which occurs from increasing fiber length is partially linked to a
length dependent calcium release mechanism resulting in a greater number'
of troponin-c units bound by calcium ions (30) |
The intact heart appears to behave differently'from isolated tissuex

as’ it appears to resist overstretching (15 31) This may in part be



. expiained by -a change in the orientation of the‘different muscle fibers
when‘distention occuﬁs, When the ventricle is distended, fii]ing
‘pressure rises markedly with“sma]i increments inbvehtricular-voiumeﬁ

* Small increases in sarcomere length accompany these 1arge increases in

'

ventricular pressure (32). o , . “l L S,

It is generaiiy accepted that'in”the erect posture, the normai' '
| ventricié‘operates‘onithe‘ascending'portionrof itsvfunction curve where
there 1s‘aimost a‘iinear reiationship between the amount of energyi
produced by:the contractingyventricie andbthe pressure or volume of the
" ventricle at end diastoie (31 33-35). A‘iimitation of the Starling
‘mechanism has been demonstrated in dogs during ventricuiar ischemia,
| both foliowing an increase in after]oad and on assuming the supine
’posture (36) It appears that under thesé conditions the‘ventricie
functions on the‘steep portion.of‘the ventricu]ar pressure-volume curve
. where slight increasesjin voiume are accompanied by'marked rises in left
‘ ventricuiar end diastoiic pressure o :

Although some investigations indicate a 1imitation of the Starling
mechanism in the norma] ventricle its’ usefulness has been reaffirmed
. repeatedly in the clinica1 setting in patients who ‘exhibit left
ventricular dysfunction myocardial 1nfarction and when fiiiing pressure,
is-reduced rn these“situations it is p0551b1e to increase stroke
vo]ume stroke work and cardiac output using a voiume chalienge and/or }
| an afterioad reducing agent (33) AR | / | . f“
| There remains controversy concerning the. existence of a descending

limb of the cardiac. function curve in the dntact left ventricie.

'Evidence indicates that eiongation of the sacromere and disengagement of .

il T



the actin and myosin myofilaments does not occur at high end~diastolic
.volumes (51 32). In add1t10n" no. desceng1ng Dimb n the developed wall .
stress or systo11c pressure is evidept unti]. the ventricu1ar
end~d1astol1c pressure exceeds 60 mmHg. At this time ventricular
pressure declines 7.5% at an end-diastolic ‘pressure of 100 mmHg (32).
However a descend?ng 11mb of ventricular funct1on is apparent the: when
dlasto11c pressure exceeds 38 mrHg following an 1n1t1a1 1ncrease in
aortmc pressure (16). When aortic pressure is’ 1ncreased dur1ng volume
loading, an’fncrease in wall stress accompanies the decrease in stroke
uo]ume (16,37). This descend1ng 1imb of ventricu1ar function (1. e. a
‘faal in stroke volume) may resu]t from reduced fiber shortening due to L

-.an 1ncreased after1oad at a time when the sarcomere Iength and preload

of the ventricle is maximal and not due to a depress1on of‘carqiac‘.

"
~ L.

performance (i.e. a decrease in systolic pressure or‘wa11astress)jﬁ

(16,37). " A 0
The maJor determ1nants of ventricular filling and therefore

end d)asto]1c vo]ume and fiber length which are of re]evance in 1schem1c
heart disease and exercise are: (1) ventricular relaxatfon (i1) right
ventricular pump funct1on (11i) the non-contracti]e porfﬂon of the
© properties of the’ left ventricle e. g. scar. tissue (1v) pody position,
and (ii{;kcapacitance of the venous system.‘»The first two topics nfll
be discussed in more detail. : |

, K .
Ventricular Relaxat1on

Except for the controver51a1 concept of ventricu]ar suction

(38 39), the.Importance of vgntricular»relaxation toAventricular
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function was Targely‘ignoredﬂand.was\considéred to.be of less importanne
than the systolic functiop, Myocardiaiirelaxation is an energyhdépendent
process that copsumes high energ} pnosphates (40,41). Caicium is ,
reieased'from the trpponin and sequestered into the sarcoplasmic
reticuium and across the cell membrane during this period; Relaxation in
the 1solated cardiac musc]e not only appears to be a function of an
energy dependent component but. also appears to be re]ated to muscle
]ength and load 41) There is little agreement as to the hemodynamic
determinants of relaxation in tme intact left ventric]e Some N
investigators reported an fnverse relationship between the rate. of
re1axatipn and systolic pressure or length (A2—44). A more cdmp]ete
review of the topic is given by Brutsaert et al in 1980 (45)

In various forms of heart disease, relaxation can be affected
before systolic. abnorma]i es are apparent. Angina pectoris is
associated with an appa nt stiffening of the left ventricular chanber ~
which is thought ‘to be caused by impaired or siowed myocard1a1
' relaxation (46 47) Evidence of impairment of relaxation during ischemia
includes a 1owercmaximum rate of pressureidecline:‘prSTOngation of
ispyolumic reiaxation‘and an‘increaseiin the time constant qf.isovoiumic
“pressure‘dec]ine‘(46,48). Inladdition to this impairment ofidiastolic'
“function, there is also evidence of impaired contractility'(4ii.‘uhether
thié'abnormai ventriCular-function‘represents an inability of the
isarcoplasmic reticulum to take up calcium or whether it is due to an

alteration in the ioad dependent aspects of ventricuiar systo]ic

function is not known. ‘ o
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In the norma] ventricle, the. rate of pressune decay increases
significant]y and filling pressures remain unchanged or 1ncrease
s1ightly during exercise (48)n On the other hand, in the ischemic
ventricle, the rate of preSSure decay 1s reducedxand fi11ing pressures
. are abnormal]y elevated during’exercise (48)Allsqhemic hearts‘exh1b1t an
augmeptation of the early fi]]in§ apparently because 'of an elevated ]eft
‘atrial pressure (49). A reduction of iaee diastolic f1111ng 1s also |
observed due possibly to annincrease in the ventricular impedante as a  ~-
“result of a slow and asynchronous wa]] motiop during relaxatlonﬁ\These
factors may account for the frequently observed elevation of left

,ventrlcular end-~diastolic pressure resu1t1n9'1n the h1gher resistance to

fi1ling associated with acute myocardial ischemia (49-51).

Right‘VEhtricu1ar Function o 'i“ | »

Until the ear1y 1970'5 rlght ventricu]ar function was general]y
felt ‘to be un1mportant to the funct1on of the 1eft ventric]e Weber et
al (1980) reviewed the 1nterre1at10nship of the normal rtght and left
ventrlcle (52) Mechanical events that occur in one ventr1c1e under
normal phys1o]og1ca] cond1tions affect the other Cohn et aT reported
the ftnd1ngs in 6 pat1ents with acute myocard1al infarction who had
‘predomlnant 1nvo]vement of the right ventric]e and who presented with
cardlogenic shock (53) Subsequent studies have corroborated theﬂ’
‘ findings of ‘elevated right ventricular pressures and low cardiac output

in patients with fnfarct1on of the ‘inferior wa]l of the left ventr1ole

and with right ventr1cu1ar involvement (54)



rF rther animaT“Btudies demonstrated that after extensive
cauterization of thé‘latéYal wall of the right ventricle, there was a
20% reduction o? cardtac butpuf (65). volume Toading 1n this preparation

resulted in a marked e]evation of right heart f11ling pressures and

1mprovement in card1ac output (56). When the pericardium was intact, the

typ1ca1 hemodynamic pattern was produced (56). Subsequent pericardiotomy

resu1ted In a‘significant 1ncrease’in cardiac’output and mean arterial

4

pressure, These results suggest that the pericardfium limits left

! [

-

ventrlcular f11]ing when the’ rfght ventricle-is acutely dilated, In this
situation filling of the left venptricle is 1mpeded by a reversal of the

transseptal pressure gradient and a ]eftward septal shift (55)

Afterload

A - ‘ _ " g ‘

Afterload is defined as the tension, force or strﬂich is

i ' ’ “"l A .

ehcountered when the muscle attempts to shorten. Afterloqéfﬁescribes the’
- ' b
external factors that oppose fiber shortening and ventricular ejection
(57). In isolated papillary muscle studies, the importance of changes in
afterload on“myocardial contraction 'was demonstrated by Sonnenblick and

Co—workérs.(S?). The afterjoad was taken to.be the load in addition to -

the preload that the muscle must counteract during shoftening. The lower*

Fhe after]oad ?{aced on fhe isolated muscle, the greater‘the velocity
and extent oflshbrtening during contraction. An increase in the
afterload fesulted in a decline in the veloc1ty of shorten1ng and in the
extent 9? shdrtenfng (24 58).

8 P?oblems arise when attemptlng to extrapolate the information from
.thééisblated cardiac muscle to the intact ventricle. Attempts have been

2a

12
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made to use instantaneous ventricular wall stress as a measure o%
afterload. This requires knowledge of the instantaneous chamber
dimension, chamber pressure and changes in these parameters during
ejection (see review 60), Since accurate and reproduc{ble meQSQranents
of aortic pressure are simple to obtain, this parameter has also been
used extensively as a measure of left ventricular afterload (60). In
addition, left ventricular pressure has been used as a measure of
afterload (60) either averaged over the entire cardiéc cycle or over the’
ejectjon period and related to cardiac outpdt or stroke volume (61), All
these methods have been criticized as being inadeqhate in defining
afterload 1n the intact vehtric]e'since knowledge concerning the )
properties of the arterial system are not accounted for (60&. Afterioad
in the intact ventricle is determined by:; (1) the compliance of the
large vessels, (ii) the tone of the resistance vessels, (1i1) the
viscosity of the blood and (iv) th? reflection of the pressure and the
flow waves from ihe periphery (60).

Recently, investigafoqs have suggested that aortic input 1mped;6ce
,charécterizes total ;fterload more accurately (60). Impedance defines
the oppositign to arterial blood flow including both the nonpulsagilq
(peﬁiphera1 resistance) and pulsatile components (aortic compliance and
wave reflections). =

The peripheral vascular resistance or the ratio of the pressure
drop éc;oss the cardiovascular system and the flow fhrough the system fis
often considered to represent ventricular afterload in clinical studies(&

In the systemic circulation, the peripheral vascular resistance is

iinearly related to blood viscosfity and inversely related to the fdurth.
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power of the radjus (60) with the caliber of the arteriolar bed
exterting the most finfluence on the resistance to ventr}cular ejection,
Arterfolar vasoconstrictfon and vasodilitation are controlled by neural,
.humoral or by metabolic factors (11). A)though total peripheral
res@stance‘is commonly calculated in clinical studtes, this measurement
‘does pot take into account the elastic properties of the system 4nd wave
reflections and is not as adequate in describing after]dag as the aorf&g
input impedance (60). However, this latter technique reqhires '
sophisticated equipment (60).

Afterioad is a key determinant of the extent of muscle shorte;ing
Fand the quantity of blood ejected by the intact ventric]g. The
performance of cardiac muscle for any given state_o%'cOntracti1ity
depends on its 1en§th prior to contraction (preload) and its loading
cdnditfons during contraétion (afterioad). At any one muscle length and .
state of contractility, the maximum shortening and velocity of
shortening are fnversely related to the afterload (62,63) (see Diagram
1). When the sarcomere length is optimal aﬁd the preload is maximal, an
increase_ip the afterload results in a decrease in stroke volume (16).
In addition, when the inotropic state of the heart is depressed, an
{ncrease in afterload will Have a detrimental effect on myocardial |
shortening. Hence, when left ventricular function is 1mpéired (i.e.

decreased contractility and maximum perload), afterload becomes an

increasingly important detérminant of cardiac performance (16,37).

14



Diagggg L

The material on this page has been removed because¥of the unavajlability
of copyright permission, Diagram } illustrates the effects of changing:
(1) perload when afterload and contractility are held constant, (1i1)
afterload when preload and contractility are held constant, and (i11)
the inotropic state when preload and afterload are held constant.: Wall
shortening, tension, left ventricular pressure, aortic flow and the
end-diastolic pressure are {llustrated under these different conditions
during an {sotonic contraction, isovolumetric contraction and a normally
ejecting contraction. Source of the diagram; :

Braunwald £, Ross J, Sonnenblick EH, Mechanisms of Contraction of the
Normal and Failing Heart, Boston; Little, °

Brown, 1976, page 112, ,
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Contractility

In addition to the. two fundamental properties of cqrdiae muscle
which determine the velocity and exteﬁt of fiber shorteang (i.e.preload
an& afterload), a third factor, contractility, also determines fiber
~ shortening, It réflects‘the “strength” of contraction of the myocagﬁial

f1bers,and'1s fnfluenced by neurohumoral stimuli and by fhe metabolic .
stéte.of.thg myocardium (15,31). |

Sarnoff et al (g3) first introduced the interrelation between ‘

Starling‘'s law and the concept of myocafdial contractility.
Contractility was augmented by infuﬁing cafecho]amines. Resq]ts‘
indicated a shift of the maximum forée—]ength re]ation§hipEupward and
to the left. The myocardium generated ere force at any 95Ven volume or
fiber length when contractility in?ﬁéaséd‘g23,64,65). Positive
fnotropic agents augment the force-velocity relationship‘b} increasing
the work dong at any éne’éfterload (64); Therefofe, an increase in the
contractile state of the‘myocardium cahvincrease the stroke-volume,
ejection fraction aﬁd ejection rate if the fibef‘]ength and gfterload
are maintained (see Diagrém‘l). AlternatiQe]y, negative 1notropic égents
(1}e. propranolol,.hypoxialor”ischémia) depress the myocardium and shift
the force-lgngth‘curve.downhard and to the right (23) and;shift the -
force-yelocify curve downward and to the left (66).:A decrease in.fhe 37
coﬁfract{le'étate will result in a déérease’in'stroke yolﬁme, ejectioé
fraction and ejection rate at a constant fiber length and‘afterload

as. £ | o
o In 1559 Abbdtt‘and Mommaerts publiéhed the first,charactérizétion}

~of the'mechanical bghavior of the cardiac musc]e that'used the
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{f*
force~ve]oc1ty relatlonship for data ana]ysis (67). Positive 1notrop1c
changes induced by the staircase phenomenon and post- extrasysto]ic |
potentiation were examined. puring the next 25 years, research has
focused on the mechanism of myocardial contraction andﬂthe regu]ationjof
myocardia] cohtracti11ty. ' , ‘ | ‘

fl

Know]edge of thé role of the ca1c1um fon in the regulation of -
myocardlal contraction has been recognized from a series of observations
startxng in 1883 when R1nger found that calcium was essentia] for
' card1ac contraction (68) and later confirmed in 1947 when calcium was

"

injected into a single muscle Ce]lkresu1ting in contraction (69). In the

-

‘1960'5, the mechanism by which calcium regdlates muscle contraction and ~
re]axation was‘clarified further. Membrane vesicles in the’sarcop]aSmic .
ret1cu1um were found to transport calcium into their interior and also

Ihad the abillty to add calcium ons into the cell (70) The role~of
calcium ions in regulat1ng myocard1a1,contractllity stemmed from the
"9,5’°f Weber and Winicur who c]ar1f1ed ‘the effects of calcium on
skeleta] muscle actomyostn by def1n1ng the role of ca1c1um in activating’/_
Mg- -ATPase ' activtty (71) ~

The force developed by the myocard1um is regu]ated by the

’cytoplasm1c ca]crum concentration and the number of troponin-c units | }.
bound by ca]cium which ln turn determines ‘the 1nteraction of the actin |
and myosin myofi]aments (72) Relaxation subsequently occurs when |

fcalcium becomes d1ssociated from troponin-c as calcium is sequestered

back 1nto the sarcoplasmic reticulum and across the cell membrane. Major t

sources;of calcium available’ for tropohin-c binding;inc]ude,calcium

contained_injthe extracel]ular‘fluid;sbound to the cell membrane} ifn the



sacroplasmic reticulum, mitochondria and in the cytooiasmic fonic pools

bound to intracellular buffers and .proteins. The source of calcium used

to initiate contraction is controverSIai Present evidence suggests that

?y

caiCium enters the celi through voitage activated gated s]ow channe]s

during the plateau phase of the action potentiai The initiaf rise in

intracellu]ar caicium causes a secondary reiease of caicium from sites

‘within the cell (i.e. sarcop]asmic reticulum) thus increasihg the

caicium concentration in the cytopiasm Calcium binds to thé troponin ¢
complex causing & conformation change which a]iows the myosin to |
interact with the actin myofi]ament,.utiliZing;ATP as an energy source'
for musc]e contraction Beta- adrenergic agonists appear to affect the
calcium entry into the ceii the release of calcium from 51tes within
the cell and'the ca]cium.uptake by - the sacqopiasmic reticuium (72,73).

The functional effects of positive inotropes (i.e. betaéadrenergic ‘

| agonists) are an enhancement -of myocardial contraciiity with a

'subsequent shortening of’ systoie an increased veioCity of contraction

and an increased rate of reiaxation. The mechanism for these actions of -

the beta adrenergic agonists was eiucidated by the discovery of the roie

_ of cyclic adenOSine monophosphate (cAMP) as an intraceiiular messenger

‘(73 14). Through the action of cAMP, beta adrengeric agonists increase

.Lthe siow inward current by an increase in the number of calcium channeis N

.Opened ‘This resuits in an increase in calcium fon infiux into the ceii

I

across’ the sarcoiemma and an increase in ‘the amount. of calc1um released‘,'
:from the sarcopiasmic reticuium vesicies and other intraceiluiar storesu

The increased reiease is also accompanied hy an increased uptake of

calcium hy the sarcopiasmic reticulum vesicies (72) Both‘effects (i.e.



1ncreased rate of calcium uptake and release by the sarcoplasmic

ret1culum) are belleved to be mediated by the phosphorylation of

' phospholamban, a membrane prote1n‘(72)1 ‘ ’
Contractility appears to be depressed in manv.forms of heart

disease including heart failure and ventricular dysfunction (73)Q‘The

mechanism for this depression is unknown. Cardiologists and

card1ovascular phySIOlog1sts use a number of. parameters in an attempt to

evaluate contractlllty 1n the cllnical settlng At present there is a

tendency to. use the left ventrlcular eject1on fractlon as a measure of -

the: overall myocardlal contractlllty'desplte the‘effect of heart rate,

preload and per1pheral resistance on the ratlo between stroke volume and |

end- dlastollc volume (73 75). Measurements of cardlac performance B
) obtatned during the 1sovolum1c phase of contractron (1 e. dp/dt) or
,during the ejectlon phase: (eJect1on fraction systolic ejection’ rate and
velocity of c1rcumferent1al fiber shortening) are other methods of -
assessing contractllIty. However, many.of these indices are not]
llndependent of’ load1ng conditions | ' _

End systollc volume at a g1ven end systolic pressure 1s however
1ndependent of load and has been shown to vary with contractile state
J(63 76) The end-systolic pressure-volume relationship can be used. to o
evaluate clin1cally the contractlle state of the myocard1um (76) These
Ipressure volume relat10n§hips ‘can be assessed by radionuclide |

‘angiography and during cardiac catheterization.'

19
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. ‘C’ARDI'AC PERFORMANC‘E DURING EXERCISE *

Normal Response |
o
The abiiity of the cardiovascular system to respond to the,

increased metabolic danands which occur during exercise determipes its
functionai capacity. During dynamic‘exercisé the cardiovascuiar system’

st increase the . rate of oxygen transport to 'the working muscie to )
magch' the increase, in periphera] oxygen demand and systemic oxygen
up take (9 17, 78). This is accompiished by an increase in b]ood flow to
the W rking ‘muscle and an increase in the oxygen extraction The cardiac E
output ‘increases in a 11near fashion untii maximal oxygen consumption
and work capacity is approached at ‘which time the cardiac output fails
to increase (13-79) The increase in cardiac output observed in the
normai subject is accompiished by an increase in heart rate and stroke
“voiume (12,13,14). Heart rate 1ncreases in a near iinear fashion untii
maximum heart rate and oxygen consumption is approached It‘1$ generaiiy
accepted that during dynamic upright exerc1se stroke volume reaches a
'maximum vaiue at a heart rate of 110 1%0 beat/min. This maximum vaiue is
preserved for the duration of the exercise (13) Oniy at maximum heart -
rate does stroke volume decrease by 3-5% in some individuais. '

Heart rate and stroke voiume are not 1ndependent of each other As

"the heart rate continUEs to increase during graded upright exercise, the,“
{jleft ventricie must £111 and eject more biood in less time. If the =
,determinants of stroke volume that result in increased fiber shortening
':did not change during exercise stroke’ voiume wouid faii with increments

in heart rate. Therefore,_a number of mechanisms must be uti]izedvfor'



the stroke volume to increase and then be preserved at a maximum value

when the heart rate is greater than 110 to 120 beat/min ; Ohservations
from experimenta1 data indicate that in the upright position the stroke
vo]ume is” increased by the utilization of both the diasto]ic and
systolic reserve menhanlsms in the normal subJect free from cardiac |

i

disease (14,15).

The dlastolic reserve represents the. 1ncr€ment in fiber shortening

o~

due to an 1ncrease 1n fiber 1ength (i.e. chamber di]ation or: increased

LI

‘ventricular fi]ling); The 1imit to the diastoiic reserve‘is,set by the '

level of pulmonaryivenous pressure (15).'Ihe presence of a‘diasto]ic
‘reserve mechanism and ‘the role of the Star]ing mechanism has been
‘demonstrated in upright exerc15e using both 1nva51ve and non- invasive 
techniques (35, 80 83) Studieslperformed in the erect,posture

demonstrate an increase in the left ventritu]ar end-diastolic voiume

during submaximal and maximal exerciSe with 1ittle or no change.in the

end—diastoiic preSsUre (35, 84) therefore indicating a compliant
ventricle. This phenomenon is in contrast to the Situation in patients

tw1th ischemic heart disease.‘.

Considerable controversy as to the ro]e of the Starling mechanism_

in the supine posture remains. It has been suggested that the normai

21

left ventricle operates at or near its maximal diastolic volume duringxd‘\

‘supine rest and no further increases occur at the onset of exercise in -

this position (33) However recent studies using radionuc]ide
angiography‘(80‘81) echocardiography (82) and invasive studies (35)

t

have questioned previous findings. ST 1
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The'systolic reserve mechanism represents the increase in‘fiber

‘ shortening due to fncrements in the contractile state and the reduction

in the afterload\(lS). Consequently, the myocardium s able to shorten

to a greater exqen; utiliiing its endjsystoliC-volume reserve. Enhanced
.contractility‘is eéxhibited during ekercise in the intact heart by a

decrease in endasystolic volume (8b482) “an increase in.the left o

ventricular eJection fraction of 5% or more (15,80 81 83) and an ’

’ '

increase. in the ejection rate (15)

A decrease in the afterload or the systemic vascu]ar‘resistance
also enhanceS'systolic emptying (15).‘Systemic vascular resistance is
1 loher in endunance‘athletes'wHEn compared tolnormal sedentary~Subjects
. during exercise (85)' Further‘ bOth these groups have less " r
Ivasoconstriction to non- working tissues than -do cardiac patients both at
rest and during exercise (85). The increased vascular reSistance )
demonstrated by patients with heart failure may be due to an 1ncreased
,sympathetic tone which is apparent by elevated plasma nor- epinephrine
levels at rest and during exercise (86). Cardiopulmonary receptors w1th
.unmyelinated vagal‘afferents may be important in the regulation of . the
circulation by reflexive alterations ih the . neurohumoral ‘drive. These
afferents exert a ‘tonic inhibitory influence on Eﬂ; peripheral
sympathetic nerve activity and indirectly on the arterial pressure and
vascular resistance (87). Heart disease may. result in an alteration of
this tgnic inhibitory influence resulting in an increased sympathetic

'outflow that can lead to changes in arterial pressure and the release of

renin and vaSOpressin (87). The increased vascular resistance in

.
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patients‘With‘heart fallure may also.be increased due to fncreased

vessel stiffpess (see review 88). o D .

Cardiac Patients
| The norifal stroke volume response‘during exercise in the npright
position represents the uti]ization of both the diastolic and s&Sto]ic
reserve mechanisms.‘ln patients with‘coronary artery diséase,'the
cardiovascuiar response to dynamic exerc1se is dependent on the extent
of the disease the functionai capacity of the remaining myocardium and
the neurohumorai status. Cardiac output usually increases in response to
PR
1ncreased oxygen demand @owever it is often reduced at submaximai aﬁ%

‘maxima]‘]eveis of work and oxygen’ consumption when compared_with normal

subjects (85): Heart rate increases in a linear fashion during exercise.

However 'the maximai heart<rate is aiso‘often reduced when. compared to
that of‘normai age matched controis as 'is maximum work capacity (85).
The response of the stroke vo]ume determinants during exercise in
'patients with coronary artery disease is variable'(84)L Al though "‘
abnormaiities in cardiac function may not be apparent at rest,
uti]ization of the diasto]ic ‘and systolic reserve mechanisms can be
11m1ted during exerCise ‘ |
Assessment of left ventricuiar functioh in clinical practice i
generai]y done by using invasive or non- invasive techniques to evaiuate
'the determinants of stroke volume at rest and during exercise. Left
ventricuiar end diastoiic voiume or pressure éﬁd end-systoiic volume or
Hpressure and stroke voiume can be evaluated. Recentiy,)gjection_

1

‘fraction the ratio of stroke volume to end diastoiic voiume has

—~
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recelved extens1ve'C]1n1Col use as a measure of systolic performanéeA

This ratio can‘be obtained nonmjnvas1ve1y by radionuclide

ventriculography at rest and dur1ng exercjse in the semi- reoumbant

pos1t1on In subjects free of heart dfsease the exercise eJeotlon

5 fraction usual]y 1ncreases 10: to 20% above the rest]ng level |
(80,81,83,89,90,92). In patlents with eoronary heart disease, an
1ncréese, a decrease or no change 1n the‘1eft‘ventricu1ar4éjection

" fraction during exercise has been observed°(90~93)7

The cérdiovascu]er response to exerctse‘has beeh'examined over the
past éb years tn‘a number of patho1ooica1 stotes. The‘selectﬁon ofrthe“
patient groups studied is often based on’ their o11nc1eT‘status (i.e.‘

( patients with or without stghs of 1sohem1a , patients who have suffered
a previous mjocarofal jnfarctton, eccordino'to their coronary anatomy,
or according to the New York Heart Association Classifioetioh).
| Malmborg (1965), using the Fick Princip]e and pulmonary capi]lar}
wedge?pressures, investigeted‘the hemodynemic response dur}ng supinei‘
e*ertise in‘nonnallsubjects and in patients with c]ihica1:sighs of
coronery,artery disease (94). Measurements mere taken at rest and after
.5-6 minutes of.exereise. ReStfng data was similar in the patient‘group
andhthe contr01.subjetts. However, dur1ng exercise the patient group
'exhibited a higher mean heart rate, lower stroke volume higher.
intraventricu]ar pressure and a higher systemic res1stance than the .
control subjects. Indlvidual data demonstrated a spectrum of stroke

volume responses to 1ncreasing heart rates within the patient group with

some being sjmj]ar to that of the control group.
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In 1967, Epstein et al using the Fick,PrinclpTepinveSt1gated

cardiac performance in a’ group of pat1ents‘w1th var1oos carqiae

‘disorders inc]uqing coronary artery disease and valvular disease (§S),
tAitNOuph the data was’pooled and presented as‘mean values, the

individual stroke vo]ume.response[during exercise appeared to be
variable, In some patients the stroke vo]ume appeared'to drop at the
onset of exemeise. Another group of patients éppeared to increase stroke ‘
volume at lTow workloads, on the other hand, during more'strenuouskﬂl‘ “TA-(
exercise théjstroke volume decreased. A small nUnber‘of patients had a
stroke‘vo1umetre3ponse that was s1n1iar to that of the eontro] group -
C]ausen et al (1970) reported siml]ar f1nd1ngs in patients with coronary ,r
‘ artery disease (96). o Co - | ﬁ
With the deve1opment of radionuclide ventricu]ography for assess1ng
the ejection fraction, numerous 1nvestigators in the past decade haye
‘evaluated the (hange“in this parameter at»rest and durinorexercise‘as a
means of def1n1ng left ventr1cu1ar function (89, 90) TnveStigations
usua]ly class1fy the ventricular functlon of patients with coronary
artery disease accordlng to tieir eJectlon fraction response to
exercise; (f) Those patients‘who demongtrate a<normal response‘(i.éi an
increase‘in ejection fraction equal to“or greater than|é%).;(11) Thosc |
pat1ents who fail to increase their ejection fraction 5% (111) Those
pat1ents who demonstrate a fall of greater than 5% in the eJection
fraction (89-92). | T o ‘t . R
uﬁfl Several invest1gators using the above method for assessment -

studfed left ventricular functiona] response during exercise in cardfac

patients who experience signs of 1schem1a during~exercise (1.e.‘
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exercise-~induced regional wall motion abnormalfity, éngina‘and/or ST
segment depression) (89,90,97-103). The 1eft Qentribu1ar end-djastolic
and end-systolic volumes were freeuently assessed 1n the same studies, A
decrease in exercise ejectfon fraction was usualfy observed
(89,90,98,99,100-103). These patients exhibited usuai]y an increase in
‘theg@nd-diastolic volume and a disproportionate increase in the
.end~sxstol1clvo]ume resu]tjng in'eitheh a decrease or no chaﬁge in the

stroke volume at peak exercise when compared to the resting value

.
I

i '
(99,101-~104). The ejaction time was decreased while the ejection rate

did not change from rest to peak exercise in patients who exhibited
fschemia (99). Impaired left ventricular emptying was apparent duriﬁgﬂ
exercise only (99), i , \
Inyestigators have also examined left ventricular function in P%§$
myocardial 1nfar;tion pat1ents withOut exercise-induced 1sLhem1c chang
q(,100—101). End-diasgalic vo]ume increase whi]e end-systolic volume .
'decreaséd 1ncreqsee sTighi?y or did not Change'auring exercise (99).
The end-systo11c vo]ume at peak exercise was slgn1f1cant]y 1ess in ‘the
pattents with scar tissue than in patients who exhiblted ischemia
(99-101)" i%he ejection fraction did not change from rest to nmxlmal
exerclise (100); however, yariabi]ity was often noted with some
” exh1b1t1ng a normal response (101). Ejeetiqn time' dec reased while a
-slight increase was observed in the ejeceion.rate from rest to peak
exercise (é?these patients (99).

Y

Otheﬁﬁﬁnvestigators examined patients who were selected accordfng

i to the extent of coronary artery d1sease (102 104 107) Tan et al N

examined the hemodynamic response in post 1nfarct1on patients with

A
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isolated occlusion of the left anterior.descending artery (Group A) and

those Qith 2 or 3 vessel disease including total 0cc]us10n"0f the left
antekior descending artery (Group B) (105), The data at rest and during
mild exercise wés similar between the two groups. However, at peak
exercisé, Group B'exhibiteq a sfgnificantly larger eﬁd~dtast§lic and
end-systolic volume and a lower stroke volume than Group A. A decrease’
in peak ejection fraction was also noted in Group B whilst Group A

exhibited no change in the ejection fraction at peak exercise when
compared to resting values (105). Similar results have been reported by
others (102,106) in patients with maltivessel .disease and single vessel
disease, Leong et 5] studied patients with either proximal or distal
lesions in the left anterior descending artery (105) They reported a
significant decrease ih the ejection fraction and a larger left
venpricu]ar.end~systo]ic volume from rest to peak exercise in patients
with a proximal lesion of the left anter&or descending artery.

Ehsani et a) (1984) studied Teft ventricular functian n bost
infarction patients who were able to atfainfa true maximum oxygen
consumption (108). These pgtients did not have clinical signs of
ischemja during exercise..Results indiéate that the change in ejection

fractign was again Qariab]e. In patient§ who had an ébhormal ejection
fraction, the end-systolic volume was increased significantly. In the
patients with a normal ejection fraction response, end-syétolic volume
decreased during exercise. Evidence of 1scﬁemia (1.e. abnormal regfional
wall motion) were not monitored in this investigation.

!
The above studies indicate that submaximal gxercise'provides

- »

valuable information on left ventricular function in pytients with

R7



corbhan;vérteny disease. The investigations also suggést that the
presénce of functional fschemia’ can be assessed during exercise by the
development of abnormal hemodynamic changes. Further, deveiophent of
‘abnormal left ventricular function during exercise is a more sensit]ve
measure .of 1schemia than either clinical symptoms or electocardiographic
changes. In addition, the degree of abnonna]ity can be related to the
extent ofﬁmyoqardia] ischemia (102).

In additfon to the above investigations, patients with left
ventricular qysfunction (defined as a resting ejectioﬁ fraction of less
than 40%) a}so exhibit cardiovascular responses to exercise that cannot
be pﬁedicted by their resting data (7,8). In this group of patients, the
end-dfasto)ic volumes or pressures increase during exercise. Some of
these patients éxhibited an increase in stroke volume and stroke Qork
during exercise while others exhibited a decrease or a failure to'
increase thgir stroke volume and stroke work duringvexercise”(7,8). In
patients with a history of 1schemjc heart disease and 1gft ventricular
dysfunction at rest, the ejection fraction was usuallx.abnonna1‘during
exercise (8).

‘Weber et al have studied patiénts with chronic stable heart failure
in classes I to IV of the New York Heart Association criteria (1d8)¢‘
Patients were graded according to the maximum oxygen consuhption
attained. Pulmonary capillary wedge pressdres (Swan Ganz catheter) and
cardiac ‘output.(Fick Principle) were measured at each stage of exercise.
on the treadmill. Althoughlihe,patients were classified into 4 groufs, 3
hemodynamic responses were observed: (i) Two patient groups exhibitéd a

normal filling pressuFe at rest and during exercise with an increase in

28



heart rqte, sﬁroke volume ahq cardiac output during exercise.(1i) A
third group of\pdtients exhibited elevated filling pressures during
exercise and in%reases in stroke volume, ﬁeart rate and @hrdigp output,
(i11) The fourtﬂ\group exhibited elevated filling pressures during
exercise, no signjficant increase in éthoke volume, an increase 1in heart
rate and an atteniﬁted cardiac output during exerc1se Resting cardiac
output, heart rate and stroke vo]ume did not differ between the groups,
‘Resting filling pressures were elevated in Groups 3 and 4 when compared

9

to Groups 1 and 2.

In summary, restl%g data does not predict qhe work capacity or the
hemodynamic response du¥1ng dynamic exercise in asymptomat1c pat1ents
with or without ]eft,venﬁricu]ar dysfunction at rest. Qn]y during
exercise is it possible fb determine the funct{ona1 capacity ;f the left
.ventricle. However most m;Khods for determining the. hemodynanic
parameters of the stroke'vo\ume are either invasive or,fequire
radioisotopes and are not easily repeatab]e In reéent'years,‘evaluation
of left ventricu]ar ejection X;%ctlon at rest and peak ékercise by..
radionuc]ide ventricu]ography hes become‘commpn practice. Clin%ca]]y,
the ejection fraction is uséd as an index ofrcontractility and
ventricular function and is relatively easy to optain\ However, the
ejection fraction ‘is sensitive to \loading conditions and heart rate

(73,75). Chénges in ejection fraction depend upon a]térations tn both

end- d1astol1c and end-systolic vo]u s. Since it is a ratio, rebiprocal

changes in the parameters influencing\ the ventrtcu1ar volumes may mask

an actual decrease in the pumping ab11aty of the left ventricle (1 e. a

decrease in stroke volume) \

|
\



In addition, many studies have provided data at rest and at peak

exercijf only, Co]]ecting data at one point only during exercijse may

result in mi'ssed 1nformation regarding the ability of the left ventr‘fie

to function under stress Patients with poor pump function throughout

’

exercise may exhibit a similar ventricular responses at peak exercise to

those patiénts who develop ventricular dysfunction at higher workloads .
and heart rates. Subclassification of these groups of patients may be

important for evaluating of the extent of. the disease. )
iIn the studies covered above, patient selection is often based on
clinical criteria (coronary anatomy, clinical signs of ischemia during
exercise, myocardiai infarction etc. ) Since ventricular function )
involves the summat fon ‘of a number of complex factors this method of
patient selection may contribute to difficulty in the intrepretation of
data. Selection of patient groups by ventricular function ‘during
exercise may be a more obJective method of selection. in addition, this
method of patient classification may oe'more uséful in determining-]ong
. term management. |
| During a routine exercise stress test, ventricular function is not

evaluated. Although heart rate blood preSSure and clinical symptoms .and

' electrocardiographic changes are assessed these parameters cannot -

predict ventricu]ar function. Know]edge of the stroke volume response to

increments in heart rate may provide an objective method of determining
ventricu]ar function in patients with coronary artery disease. It is
suggested that impedance cardiography may be a reliable method for

‘ Co : s ) ‘ -Q}t

obtaining this data.
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REGULATION OF THE CIRCULATION DURING EXERC I5E

The factors that regulate cardiovascular performance’during
exerCise include the determinants of myocardial function (i.e. preload
\afterload, contractility and heart rate) and the peripheral vaSCular

f function. During the stress of exercise, . these factors are coordinated
by the sympathetic nervous system to ensure an adequate blood flow and
delivery. df oxygen to the working muscle At the onset of. exercise there
is a withdrawal of parasympathetic nervous control and release of
norepinephrine and epinephrine via the sympathetic nervous system (see,
review 110). | |

flesma ooncentrations of both norepinephrine and epinephrine
increase proportionally to the intensity and duration of'eXercise (110)2
In normal subjects and patients with.ischemic heart”dtsease; plasma
-norepinephrine concentration correlates closely with the‘pulmonary

arterial oxygen saturation (112,113). Mixed venous oxygen saturation a.

\
d

measure of the aerobic metabolic state in tissues reflects the ratio of

oxygen consumptlon to the cardiac output delivered to the working tissue

while plasma norepinephrine concentration‘reflects the responsewof the
sympathetiC'nervous system. In'one—study,:when‘IQO% oxxgen'was insoired
<during‘exercise the increase in plasma norepinephrine:concentration was
reduced by 25%:in normal subjects‘(113) Such results 5uggest that the ‘
concentration of dissolved oxygen or some~related factor may be
important in the regulation of norepinephrine release during moderate to.
heavy exercise. Norepinephrine release in skeletal muscle continues
vthroughout'exercise uhen‘Yasodilation is maximalv(110,114i.}lhe

mechanism of this release remains unknown.

AN
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Muscle Blood Flow . . :

e

Increased‘sympathetic'nervous=activity and the withdrawa] of
parasympathetic actiVity during exercise resu]ts in an increased cardiac'
output and an increased perfusion pressure to the working tissue Blood
flow is directed away from the spianchnic area, kidneys,‘and non-working
skeletal muscles due to' an increased arterioiar resistance while
‘vasodiiation occurs in the working tissue (115). The degree'ot
redistribution of . the cardiac output is proportionai to the re]ative
| workload undertaken (115) In the exercising muscle there is probably
competition between the vasoconstriction mediated by the sympathetic
. system and vasodi]ation. However, the local inf]uence of vasodi]ating‘
metabo]ites overrides the vasocOnstricting influence offthe sympathetic.
nervous system in the working musc]e in normai subjects (114, 116) There
is some evidence to suggest that thlS _may aiso be the case in patients
with heart faiiure (117) . |
.\At the onset of‘exercise; the increase'in,biood tlow‘to~the working

‘tissue is very‘rapid (118). ;Some‘investigators-sdggestithat nerves-may

- be reSponsibie for this rapid increase of biood fiow at the initiation
| of exercise and for the first 30- 40 seconds of exercise (118) However,
ineither the connection with the sympathetic nervous system, nor the
character of either the transmitter or the means of activation of these'
nerves are-clear (114) The main regulatory mechanism of muscie blood
flow is the metaboiic demand with metabolic factors contributing to the

vasodilation during exercise which lasts ionger than a few seconds

(118)
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* Blood fiow 1n ske]etai muscles at rest differs with the different
type of musc]e fiber the spec1es and. under different experimental
conditions‘(ll4 119). During exercise istudies in a variety of muscies>
©in rats running at different speeds‘and duration have indicated ‘that the
increase in flow clearly foilowed the pattern of recruitment of |
different fiber types (120, 121) |

" To 1nvestigate the nature of the vasodiiating agents in skeietal
muscle, Cotterrell and Karim (122) observed the eft}cts of adenosine and'
its anaiogues on arterial and venous reSistance. Sympathetic stimuiation
produced an 1ncreased arterial resistance. With the infusjon of
‘ adenosine, diiatation'of’the‘arteriai resistance vesseis‘%bsulted.
Neither the purine'or pyrimidine nucieosides nor inorganic phosphate had
”an}"@??ect on -the resistance vessels;‘ATP exhibited‘a,more'potent
: vasodiiatory effect than'did'adenosine-in this experimental model
Recentiy, Hudiicka (1985) has reviewed the regulation of muscie -
’blood fiow during exercise (114) In this review studies presented
suggested that a number of factors may initiate and maintain functiona] k
hyperemia‘in the working musc]e. This reView suggested that potassium
- may mediate primariiy the vasodiiation which occurs in mixed or |
‘predominantly giycoiytic muscie while inorganic phosphate (Pi) may . be
invoived primarily with vasodilation during short- lasting contraction in
.oxidative muscle and may act in accordance with a 1ow pH Adenosine on.L
the other hand may p]ay a major vasodiiating role in iong 1asting .
vcontractions in highiy oxidative muscies. Hudlicka states that it is

Kl

;unlikely that one substance alone wouid be responsibie for functional



hyperemia‘in allAfiber‘types and during exercise of.differing intensity\f
~and duration (114). l o

The factor or factors involved in functional hyperemia during
exercise in the intact animal and man remain controverSial At the
onset of exercise nervous control of functional hyperemia has not been
_‘ruled out.(118). During exercise that‘lasts for longer‘an a:few |
- seconds, accumulation of'metabolites prabably accounts for the"
maintainance of vasodilation The type of metabolite that leads to a

,

muscle fiber involved in the ‘activity, the dur,

' reduction in arteriolar reswstance most likely differs w1th the type of.
@tloﬁﬁof the activity and

A

the fitness of the subject (120,121) and probably results from several

factors (114).

Control Mechanisms R | o | "\‘%
The cardiovascular changes that occur during exercise are mediated

‘ by the sympathetic system which 1s controlled by the nervous system Vla

"a central command (see review 11,123). The central command appears to be

‘primarily modulated by afferent fibers originating in the contracting

'muscle (11 123) The baroreceptors and receptors in ‘the’ cardiopulmonary E

also contribute to the regulation of blood pressure but their

f role is presently uncertain (11) The way in which the sensed variables
“and the integration of this information into an effective efferent
_response also remains unclear. It is believed that normal muscle E
‘activity is initiated by centers in the cerebral cortex. These centers
~and the information coming from the periphery have direct input into the

~ areas of the brain stem that control the cardiovascular system (11, 123)

34,
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The output via- the central command coordinates the card1ovascular ‘
uresponse to match the’ 1ncreased metabolic requ1rements\ The consequence
‘_of this output is an 1ncreased sympathet1c drive to the heart (increased ﬂ'
heart rate and contractil1ty) and blood vessels (1ncreased reslstance)‘./
The afferent impulses from the skeletal muscles that have beeg
1mplicated in caus1ng the cardlovascular effects are transmitted by
Group III and IV f1bers (123). These fibers ascend in the spinothalamic
‘tracts to the cardiovascular ﬁnters in the medulla Some _may be ‘
1nvolved 1n reflexes at‘the spinal level. Ventral root stimulation | ‘;. '
.(124 125) or direct muscle activation (126) have been shown to result 1n‘
an increase in cardlac output an 1ncrease in mean arterial pressure but
:no change in the total peripheral vascular resistance. In add1t10n a
susta1ned tetanlc muscle contractlon has been shown to’ result in an
increase 1n the contractlle state. of the left ventricle (127),
lncreased heart rate and a change in the d1str1bution of blood flow |
(i.e. increased flow to the contracting‘muscle‘and decreased flow to the
k1dney, restIng muscle, skln and gut) (124 125). ‘
. A

Group 111 and IV afferent f]bers are bel1eved to be ergometric and
“are actlvated by muscle st?etch or contractlon. Group v also respond to
‘noxious Stlmull (123). During exerctse 'the stimulus is probably muscle |
vstretch contractlon or some biochemical product produced as a result of.
‘the 1ncreased metabolic rate (11 123) Evidence suggests that a release ‘
fof bradyk1n1n or potassium may stimulate the Group III and IV afflrent
fibers as. the cardiovascular exercise response (1ncreased heart rate ‘and

1ncreased arterial pressure) appears to parallel potasslum release (11) O

The heart rate and'blood pressure response can be elicjted‘by increasingw{;ff
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‘the interstitial concentration of potassium with aﬁiintraarteriai
potassium infusion (11). However, conc]usive evideﬁce as to the
mechanism of the reflex~induced aipha adrenergic vasoconstriction
Tremains eiusive (123).. | |

. The reguiation of biood pressure during exerc1se is not completely
upderstood Meicher and Donald (1981) foypd a normal arteriai blood
pressure response during iight and severe exercise when either the
carotid baroreceptors'or the aortic and vagal cardiopuimonarv receptors
‘were intact (128) Hhen‘ail.3 systehs were inoperative arterial
pressure fei] at the start of miid exercise and remained depressed A
throughout the exercise with aortic and cardiOpuimonary refiexes
’intact the shape of the curve was unchanged during exercise but the
curve was displaced‘upward,ih response‘to‘increased carotid sinus

pressure, indicating that. the‘carotid baroreflex is ireset" during

exercise and operates around a high mean arteriai pressure (128) This

new operating point varies proportionai with the intenSity of the
exercise. Investigations have been done in conscious dogs to examine the
'abiiity of carotid. baroreceptors to regulate arteriai pressure during
‘graded exercise in the chronic absence of the aortic barorefiex (129)
Under these conditions and with carotid sinus isolation investigations.
Fsuggested that the arteriai barorefiex function during exercise to .
uprevent the reduction in pressure at the onset of exerciseland to
;prevent an excessive increase in’ pressure during and after moderateiy

K

severe exercise The arteriai barorefiexes appear to govern the totai

systemic vascuiar resistance during and after exercise, whereas heart
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‘rate and cardiag¢ output are unchanged by the interruption of the

arterial baroreflexes. )
The role of|the cardiopu]monany receptors during exercise 1s also’

not‘known,-Actiration of the afferent vagal fibers ip the atria,

ventricle or pu)lmonary artery.resuits in an inhibition of the

sympathetic efferent activity and a reduction in heart'rate and B1ood
pressure‘(see eriew‘130) The - mechanosensitive vagal receptors in the‘
ventric]e can b activated by 1ncreased myocardial. tension due either to
‘:an 1ncreased di stoiic volume or to a sudden decrease 1in venous return
‘whereas the atrjal C fibers are usuaiiy actijvated by 1ncreased stretch
of the atrial wall. The chemosensitive vagal C fibers respond to.
‘prostagiandin -and bradykinin Nhlch are reieased during hypoxia, ischemia

3

‘and an 1ncreased preload. Whether these receptors buffer the biood

'pressure rise d ring exercise is at present unknown

| The afferent sympathetic fibers originating in the~heart are
activated by stretch of the receptive fieids and by noxious stimu]i such
'as lactic ac1d And bradykinin resu]ting frnm myocardiai ischemia and
coronary occuISion (see review 130). Stimulation of these afferent
:fibers’generaily results in an increased arteria] pressure and heart

rate. These cardiovascular effects resuit from an increase 1n the

' sympathetic efferent activity and possib]y a reduction in vagal efferent
activity Nheth the cardiopuimonary afferent fibers are operative
during exercise an? can modulate: the central command remains unknown.’

Animal mod is of heart failure exhibit attenuation of both the :

3y

-]cardiac (131) a d arterial baroreceptor (132) refiexes. Blunting of the

arterial recept r reflexes may‘be,related to,changes in the,vascular i



wa]la The desensitization of the atrial receptors’ demonstrated in heart
! ' ¢ . ) ‘ :

failure may be due to'excessive stretch and decreased compliance .of the

_ atria and degeneration of afferent nerve flbers (132) An inappropriate'

reduct1on in cardiac vagal afferent act1v1ty may resu?t in a failure of
the normal attenuation of the efferent sympathet1c nervous system wh1ch

may part]y exp1a1n the exaggerated sympathetic response durlng exercise

t i

\
A

“in patients w1th heart fatjure (‘3‘1\\‘1//,,__,,///*’ e "

»i
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IMPEDANCE CARD]OGRAPHY T S | | .‘
Most methods‘oi measuring cardiac output, such as dye dilution and
the Direct Fick Pr1nc1p1e require ster11e 1nvas1ve procedures whjch can
not be: used repeated1y. It 15 often pecessary. to follow cardiovascular
"function in patdents 0ver months or years to detenmine prognos1s and
‘therapy: Th1s requires an easily repeatable method wh1ch is acceptab]e
to the patient. Inpedance card1ography may be such a method 1t hasl
rece1ved lncreasing use and attentton in the past decade Jt'is a
. non 1nvas1ve atraumat1c method of measuring stroke vo]ume and heart
rate and hence-cardlac output. The technique\1nvo1ves placement of fOur
electrode bands around the neck and thorax A weak h1gh frequency
alternating current (4ma and 100KHz) is passed through the outer two
electrodes The constant alternating current is 50 weak that it s .U
jmperceptible to the subject and the freouency is so high that it is.

‘incapable of Stimulating the heart (18). =

Theoretical Basis

»

Ohm s law descrlbes the interrelation between the current vol tage

and 1mpedance 1n any e]ectr1ca1 c1rCu1t

v=1xz (1)

4
N
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* Voltage (V)'1s'the.potent1al difference across' the circuit. It can

'fbe defined as the amount of energy requ1red to separate the electrica]
charge Ihe f]owing current (1) in the circuit represents the speed at-
‘wh1ch the électrical charge is allowed to return to the basal state. The

1mpedance (Z) represents. the opposition to. the flow of this current

.



along the circuit and fs deﬁerm1hed'by'the materlal of an electrlc
fie]d Impedance describes the resistance of an ., alternat1ng current The
total resl@tance.of blood 1n an artery (Rb) varies directly with the

length of the conductor (L) and 1nverse1y with the cross-sectiona] area '

’

(A) of the conductor (133) and can be expressed by:

-

CRb=Px L/A - (2)

a
’

”;nere,/o ;:the eleetrical resistivfty of the blood (17,133).
| Opm's law is only valid if the Current, potentfial difference and
' the 1mpedancelare ednsideredlin the same vectorial"direetlona To
maintajn this'cddditfon‘the sensjhg electrodes are placed parallel to
the lines of’eurreut flow. Sluce a constant current is applied in the -
method under d4seu§Sion,<cuanges oc:urring‘in the detected'vdltage\
‘rEflect the changes in the impedance between the sensing e]ectrodes
(17033). |
. ‘ A
Electrical conduction through b1olog1cal tissues is ionic in
nature,. The extracellular and intracellular flu1d are composed- of water
lcontalning fons wh1ch possess a charge and’ will m1grate in the presence
of“an electric fleld Various tissues: within the electrical field
.d1splay dlfferent‘tonductlng characteristics depending on their
structure (1.e. the size and shape of the cells, the dens%ty of the
ce:$; the fonic permeability of the membranes the orientation' of the
-cells .and 'the distribution of a particular type of tissue) (134). The
applicatlon of a high frequenqy alternatlng current results in a rapid

14

reverslng motion of ions. Under this.situation cellular membranes do .

r

not have time to collect fons on their surfaces therefore current flow .
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‘|becomes less affected by the membrane characteristicsh However, the
effect of the mémbrane is not eliminated entirely and the co]lection of
jons at these barriers exnibit the properties of an electrical
capacitor. The electrical current is impeded by the tissues and 9160d in
the thorax, Any physiological change in the electrical field wi]{ result
in a variation in conpductivity. Contribution of the heart-~synchronous
fmpedance signal may be ex;ected from the resistance varfations in the
long and large blood vessels which run parallel to the electrical field

(17,133).

Historical Review

| The variations in body impedénce to high frequency electrical
current ocurring durihg the card1ae cycle has been known since the
beginning of the éent&ry (Cremer 1907) (133). In 1932 Atzler and Lehmann
observed electrical 1mpedance Eﬁﬁﬁﬁég'synchronoﬁs with cardiac activity
in human ubJects (133) These investigators used two 1nsu1ated p]ates
of a 100 megahertz osc1]1ator Using a tetrapolar electrode system
Nyboer et al in 1940, passed a high-frequency Signal across the huﬁan
chest from a constant current sinuso1da] generator and observed changes
in the thoracié impedance which co1nc1ded with the electrocardiogram and
the heart sounds (135). In 1960 Nyboer then studied the impedance |
changes in a cylindrical voﬂumé of tissue which was'perfusgd with a
pulsatile arterial blood flow (136). The electricél'impedance fell when
blood flowed fnto the segment beinQ eXamiqed and ‘increased during ;he

period of no flow or during run off. Nyboer converted the impedance .

measurement to blood volume measurement. He postulated that the fall in



{mpedance during systole could be considered as‘an'additionA] impedance
that was placed in parallel with the basal impedance (Zo). Kubicek and
co~workef§ used the‘forhu]a @kVﬁ/’LgAZ/Zoz ) developed earlier by Nyboer
along with a, four electrode plethysmograph for the measurement of stroke
vo1ume (18). Nyboer deve]oped this formula independent]y by ca]ibrating
1mpedance changes with different amounts of saline (17,135 136)

demonstrated a linear relationship between volume (V) and electrical

conductance (Gb),
V=Pb x L2 x Gb : (3)

where /2 b= the electrical resistivity of the blood.
Sinte Rb=1/Gb, the' above equation corresponded to the equation déveloped
earlier‘by Bonjer (138) who derived a relationship between resistance of

the blood and the Vb]ume of the artery (V):
Rb=pb x L/A ()

Where Rb= resistance of artérial b]ood} b= gesistivity of blood;
L=length of the artery and A= the cross-sectional are of the artery. The

volume of the artery is (17):
. 0 VeLxA or A= VL -5

Substityting formula 5 jn 4.
Rb=Pb x L2V . (6)

«

A change in arteria) volume (AV) wil resu1t 1n a variation in the

resistance of the “artery (l&Rb) Therefore:



CAvVeP xZaRy (7)

This formula is equivalent to formula 3AiNyboer cdnsidered the
jmpedance gyétem to be essént1a1]y a plethysmogram which measures a
var1qt16n in volume. By experiméntation he conc]hded that a change in
the owéfa1]'honductaﬁce in a tissue segment is a linear function of the
volume of blood added to the segment under con;fderatidn (1371,

»

therefore; ' '

A VsPb x L2xAGD ’ | (“8) ’

”

The thorax can be considered a conductor composed of 2 parallel‘
conducting paths, through the b1ood_and'through the tissue. The
- resistance of the tissue (Rt) and blood (Rb) make up?the total

}esistance (Ro), therefore:
§ T 1/Ro= 1/Rb¥1/Rt - (9)

\ An addittona] amount of blood entering the thorax alters the

resistance of blood (Rb') and the total reststance becomes (Ro +4A R),

thergfore.
1/(Ro+AR)= 1/Rb' + 1/Rt (10)

Rearrang1ng equation 9 and substituting in equation 10 a small change

in the overall resistance (R):
AG=A(1/R)=-ARRZ (11)

~ - |

The effect of the volume variation .during ejection {s:

43



34

\ AVA-Pb x L2 ARRE (12)

. Since impedance can be substituted for resistance for an alternating
: . , C ‘ _

currents:
AV=pb x L2xA7/12 (13)

Kubicek and co—wo;kers used'this formula, developed byiNybder'
together with a fourveiectrode.pietnysmograph fon the measurement of
stroke volume (18). Cardiac output was caicuiated by an extrapolation
proceﬁure The slope of the A Z wave was extrapolated to the instant of
the ciosure of the pulmonary valve. when compared with the Fick method

‘the impedance cardiac output was about 13.7% higher. The method was .
difficult to use gnd prone to error. Therefore to improve accuracy and
to simp]ify the calculation of stroke voiume the siope of the 1mpedance
curve was determined using the.rate of change of the impedance (dz/dt)

i L ‘ ‘
(139). This value was then multipled by the right ventricular ejection

"

g time (T) to determine the cnange of, impedance. Therefore . A
. ‘

V=P b x L2X dz/dt x T (14)

+
Jo—

202

The devefopment of this formula and the first commercia]iy
available impedance cardiograph by Kubicek and co-workers initiated
increased interest in the technique for 1aboratory and clinical use.

Formuia 14 was used for the caicu]ation of stroke volume in the present

series of investigations.
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- The method and formula developed hy<Kubiceg (18,139) for the
measurement'of stroke voiume‘was based on the simple assumption that
blood and fluid in the thorax results i; a}decreased\eiectrica] |
impedance. The technique»has been shown to correlate reasonahiy ueii
with invasive methods such as .the Fick. and dye di]ution methods
(17,133). However, the question as to why a change in the thorax
eiectricai impedance occurs which is assoc1ated with the cardiac cycle
-~ has not been answered. The lack of this knowiedge has caused
reservations in acceptanre of the method During systole many events
occur in sequence and simultaneously. The predominate hemodynamic event
or events which contribute to the change in eiectricai impedance is not
known Understanding of" the physioiogicai origin of the impedance events
is necessary before the meaning of a change in the wavefonn can be

intrepreted or a complete description of cardiac function can be

appreciated.

“QOrigin of the Impedance<Signai .
Many 1nvestigations have been undertaken 1n an attempt to
A understand the physioiogicai origin of the 1mpedance events. Initial .

]

investigators suggested that th@ change in impedance may be due to
voiume changes in the heart (136) Later Bonjer etlai demonstrated in a
'perquion experiment on the hind iimb of a dead animal and by insulating
‘the heart of a iiving animal’ that the main component of the impedance
variation originates from the rhythmic voiume change in the biood z ‘_?I
“content of the. vesseis (140). Kuhicek, in 1964 (18) and Kinnen (141)

using band electrodes suggested that the ]ung‘yas”the principie causegof/
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the’impedance‘change However Nitsoe and. Kottle (142) in a later study
examined a dog which developed left ventricular mechanical alternans.

They concluded that the aorta was probably the source of. the impedance V:
change as did Harley who studied patients before and after closure of

atrial septal defects (143). Geddes and‘Baker, in 1972, inJected‘saline

_into the right and left ventricle and observed that the volume changes

of the ventricle did not cause a significant change in the impedance
(144) Left ventricle ejection was* associated with a greater decrease in

impedance while' thé right ventricle ejection made a small contribution "

© (144,145).

Ito et7al.(146)'perfused the aorta and the pulmonary artery of a dog

with a controlled, sinusOidal or pulsatile flow. Stroke volume was

calculated uSing Kubicek S method and by an electromagnetic flowmeter

placed in the aorta and pulmonary artery. Each vessel was occluded

.,independently‘and-the change of impedance was‘recorded, Results’

indicated that the main componentxof the transthoracic impedance |
waveform originated fran systemic blood flow and not. pulmonary blood .
flow. | R

In 1978 Patterson and co-workers (147) examined the change in

' impedance resulting from infUSion of blood into various isolated

segments of. the great vessels and the. heart chambers. Results indicate

that the impedance changes were sensitive_to volume changes in both the

right atria and ,aorta wdth the ventricles contributing only a small’ ‘U-Mt

amount. The investigators concluded that the volume changes in several
of the intrathoracic cardiovascular structures are likely to be involved

in ‘the impedance change. Impedance contributions from the blood volume
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changes in the venouS‘svstem were also réported by'others_(17, page 98).
‘During an‘induced cardiac arrest a smali'decrease in impedance occurred
after cessation of ventricular ejection.: This was attributed to an
increase in venous blood pressurefdue to‘an increase inlvenous bioOd
vo]ume in either or both’the'systemic and pulmonary veins.fGeddes and
‘Baker*demonstrated_a simi]ar'decrease in impedance foliowing‘the‘
injection of saline into the'aorta and the inferior vena cava (145).

| In 1979 Sakamoto et al investigated the relationship between the

. waveforms and the circulation in the thorax (148) When the impedance
waveforms were measured in the v1c1nity of the heart an increase in
‘impedance was exhibited during early systoie The impedance decreased in
the vicinity of ‘the aortic quhw This opposite effect of the heart on

the impedance has been reported by others (149). They concluded that the

change“of blood volume in the aorta and in various organs especially the,

.

heart contributed to the waveform This study suggested that important

information regarding the hemodynamics in various organs can be obtained

1

\ .
~ from the 1mpedance waveform by the appropriate arrangement of e]ectrodes

(148)

.as;’ being due to b]ood voiume variations and the investigators attempted

‘to locaiize these volume changes. More recently, it has been suggested “ 

that the impedance change may be the result of blood flow dependent

The impedance changes in all the previous studies were interpreted

47

changes in resistivity (17) The impedance of flowing blood: changes with_‘x

the change of flow veiocity due to the orientation of red blood cells

(17 150). This was demonstrated by several investigators who found that'

(
a puisatile flow of blood through a rigid tube resuited in an change in
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R | o v,
tmpedance (17). The impedance wave differed when equal voiumesyof'saiine
was used and compared with blood (17). In.a later experiment”'it wasd
‘ddemonstrated that‘a‘decreasefin the hematocrit resulted in a decrease in’
the impedance'variation in a rigid‘tube (17). Further, thehimpedance‘
~variation disappeared when a stroma free. hemogiobin so]ution was infused
1nto a dog (151). | | |

- A number of studies have compared 1mpedance cardiography with the
existing c]lnical techiques which evalute left ventricular function.
" During s1mu]taneous recordings of the. apexcardiogram and. lmpedance
cardiogram the dZ/dt wave (i e. maximum change in impedance) coincided
with the systolic peak of the apexcardiogram (133 page 37-38).

The'M-mode echocardiogram of the ventricular cavity dnd of the'
" aortic root were recorded simu]taneously with an impedance cardiograph
'h(133 page 38) The systo]ic portion of the dz/dt trac1ngs occurred only_"
ﬂwhéh the aortic valve was open and the X -poipt of the impedance '
cardiograph recording occurred immediately following aortic valve

closure while the O-wave of the dZ/dt recording corresponded to mitra]"

fva]ve opening.

Using simu]taneous recordings of the electrocardiogram, dZ/dt wave., .
and the ballistocardiogram, Mohapatra and Hill demonstrated that the
'I-wave or the rapid ejection from the ventricies as recorded hy the
| ballistocardiogram coincided in ‘time. with the. dZ/dt systo]ic peak (152).‘h

Lababidi et al (1970) examined the components of the first ‘
derivative of the thoracic impedance (dZ/dt) and demonstrated that the .
Asharp demarcated points occurred synchronously with the first heart T

sound (prognt) aortic c]osure (x-poiht) pu]monic c]osure (Y-point) |



dz/dt

PCG'

Dﬂagra m2

The f1rst -derivative of the thorac1c 1mpedance cardiogram
and its relationship to the cardiac cycle: A-wave,
'corresponds to the atrial systole;. B point, coincides with
“the -main portion ‘of the first heart sound and appears
immediately after the aortic valve opens; C-wave, =
corresponds to ventricular systole,‘ X point, appears

immediately after the\aortic valve closes and coincides with .

the second heart sound; -0-wave, corresponds to mitral valve
opening and primari]y occurs during the rapid filling phase.
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mitral opening snap (Oapoint) the'third heart‘sound (ZHpoint), and the
fourth heart sound (A-point) The B~point designates the onset of 1eft
ventricular ejection (see Diagram 2). These investigators (153) and
others (154) concluded that the first derivative of the impedance
‘tracing|may‘be used for the timing‘oi the intervais'offthe cardiac }

cycle.

Determination of Stroke Voiume Lo . SN

50

/
‘ The impedance cardiograph deveioped by Kubicek et al 11966) al]ows o

for the direct recording of impedance changesT"the first derivative of
Ethe impedance change, the- heart sounds and the heart rate. Stroke

volume is: caicu]ated using the formuia (18, 139)

CSV=/P x ‘L,2 x'dZ/dt‘ x T . (15)

: ,'(zo)2

where/° =5 resistivity of blood, L= distance between the inner pair of

geiectrodes Zo= mean thoracic impedance in ohms, dZ/dt— maximum rate of .

; change of the impedance occurring during the cardiac cycle in

ohms/second and T= the ieft ventricular ejection time in seconds.

;;,‘//Bewever there is- no standard method for determining the vaiues in .

“the above formuia. In attempts to correlate 1mpedance cardiography S

'values more cioseiy with those obtained by invasive techniques
investigators have empirically used various methods for determining the
ﬁvalues needed for caiculating stroke voiume.‘

. a A knowledge of the eiectrica] resistivity of the patient s b]ood is

* ' .
required Many investigators have used fixed vaiues -of 150 or 135 ohm-cm
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for resistivity (L39l; However; during exercise both body -emperature
and‘hematocrit riseo Therefore under conditions where hematocrit may be
- changing investigators have examined blood’resistivity. Rosenthal et al
(1948) reported a relationship of hematocrit and resistivity of p=62.9
(O 0195 HCt) (155). Mohapaptra et al (1975) related resistivity to
hematocrit where p= =68 exp (O 025 HCt? for neonates and adults with
normal fresh blood (156). Geddes et al found resistivity to increase
with inef’351ng hematocrits and prov1ded the relationship of p=53.2 exp
(0. ng Het) for the calculation of the resistivity factor (157). Nhen -
" hematocrit iS“accounted for in the resistivity factor; accuracy in the
cardiac output values obtained by impedance cardiography have been’
" improved when compared to standard techniques (17). -
The length (L) between the 2 inner electrode bands in a tetrapolar
arrangement exerts an 1nfluence on the magnitude of the calculated
-~ stroke volume. A variation in the calculated stroke volume has been .
j'observed with a change 1n the p051tion of the inner pair of electrodes
| (17 133)“ anestigators recommend that electrode 2 should be placed
ardhndﬁéﬁé base of the neck and electrode 3 placed at the level of- the
'xiphisternal Joint a prominent anatomical landmark which assists in the
rconsistent location of this” electrode Both the shortest distance
between the 2 inner electrodes (158) and the mean of the mid anterior
and posterior distance (18) have‘been used as the length (L) value in“an
attempt‘to‘increase the accuracy of the stroke'volume measurement

¢
Determination of the left ventricular ejection time (M from the

,impedance cardiogram was shown to be highly correlated with the ejection*

time obtained from the carotid pulse tracing (154). Kubicek (159)
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proposed the value for "T" pe measured from a point at‘O.ls(dZ/dti to
the iargest deflection of the second heart sound. Usually the -
zerq- crossing of the dZ/dt tracing corresponding to’ the Bmpoint is used;‘
for the commencement of ejection time (160). N -
The'mean‘or basal impedance (go) across the thorax’decreases in
vaiue‘withiincreased fiuid in the intrathoracic cavity and‘increased on
-assuming}the upright posture‘(17 133). In tne presence Of a pieura] o
effusion differences between the stroke volume va]ues measured by the
impedence cardiography and the flowmeter differed substantialiy and
therefore Baker and Dennison (1975) have recommended caution in
interpreting recordings under these circumstances (161), The mean
impedance usualiy reads between 20 to 35 ohm in adu]ts During exercise
in normai subjects, the Zo vaiue usuaiiy remains constant whi]e in
patients with heart disease the mean 1mpedance vaiue may decrease (17).
Measurement of the first derivative of the change of impedance
(dZ/dt) is generally measured from the baseiine (18). However some
investigators have recommehded us1ng the start of the steep upSIOpe of
~ the dz/dt. waveform (B-point) for the baseiine irreSpective of its
position’ relative to the calibration zero baseline wheW|neasurements
-were taken during exercise (162) This point is also used for the

‘initial point when measuring Teft ventricular ejection time with the

X-point‘or the second heart,sound as the end point (153). T
Validation Studtes . U

Many investigators have reported an acceptable corre]ation ‘ |

coefficient between estimates of cardiac output_obtained from 1mpedance
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cardfography and a "standard" nethod (1.e. dye dilution, Fick technique,

C0, rebreathing or"ewéctmqagnenic flowmetry) (18,19,139,158-160,

163-178). However, a variation in the systematic error has been

* exhipited in a number of these studies (162 163,174,175). ‘A number of

few studies have used the Direct Fick technique in the validation of the

g8bd correlation between the two methods however all studies were done -

. >

1nvestigators agree that impedance cardiography accurately ref]eets the
magnitude of change in cardiac output and 1s therefore su1ted for
repeated intrasubject evaluations (17,163,164); However, whether

absolute values for stroke volume can be measured by “impedance .

~cardiography remains controversjal (17). Some investigators have

reported eXtreme}y poor estimates by 1mpedancencardiography when

compared to the “standard" method (163~166) However, many of these

' stud)es were reported ear]]er -and used patients with va?vu]ar disease

and shunts (165, 166) A more complete rev1ew of the ‘validation stud1es

has been presented by Mohapatra (132) and Lamberts‘et‘a1 (17). OnIy a

: impedance cbrdidgraph‘(169,1703175). Findings indicate tnat there has‘a'

at rest.'

’

The reported short term repeatability’of tne ‘impedance cardiogram

is comparable w1th that of the' dye di]ution method (165 ,166). Atceptable

repeatab1]1ty has a1so been reported over az2 week period (179) and a 9

month perlod 1n normal actlve subjects (168)

)

Validat1on studies done at rest ‘and during exercise have 1nd1cated

‘that the cardiac output at rest and at low workloads corre]ated well

with values obtalned from the standard method (usua]ly dye dilut1on or

€02 rebreath1ng) (162, 168 171,173,177 178) Although,cardiac output ,
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méasured by 1h§edance'card1ograpny increased with increasing work and
oxygen conﬁumption, values were found to be extremgly variable and '
lTower than expected at heavy workloads and at maximum exercise
(17,162,175,180,181) . When the blood resistfvity’was accounted for
dQFing submaximal and‘max1ma1 exércise, impedance cardiography prdvided

Iy

a reliable and reprdducible estimated ofncardiac output (162,180,181).

~ However, even with this. adjustment saﬁ b ;festigators found that
impedance card’iograph values remain lower during heavy exercise (17),

Denniéon et al adjusted the technique by using the shortest
distance betweén the 2 inner e1ec£rodes for;the."L" value in addttion to
the'adjustmenﬁ.for hematocr1t:(171). These fnvestigators keported no .

. éignificaﬁt difference between the cardiac output values obtained by
1mpedance cardiography and the dye dilution technique during submax1ma1
‘yexercise | |

L ‘ .

Miles et adjusted for hematocrit and used the heart rate at
'steady state xefcise'when ca]culétiﬁg;;he cardiac output. Values were
“$imilar to e reported values for arm exeréise'by invasive methods
'(182) Kobayashi et al (180) and Fujinam1 et al (181) demonstrated ao
‘improved ‘agreement with published data durlng submaximal and maxima]
work when blood resfstivity was taken 1nto consideration. -

~ - Edmunds et al, 1n add1tion to adjusting for the change in
‘hemptbcrit, élso measured the’ chandé {n impedance using the steep
up;lope of the dZ/dt wave form (B-point) as the base]iné. They also used
_the B-point when measuring the left Qentricular.ejectifn time. Results

‘indicated that these adjustments resulted in.an improved agreement with

'values‘obta‘i ned by the (:02 rebreathing tech;n‘que (162).
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Most invasive techniques require the accumulation of data over 1

to 2 miputes and assume a constant value for stroke volume over this

time period. Impedance cardiography estimates beat-by-beat change in’

stroke volume. To evaluate the accuracy of the beat~by~beat values of

stroke, volume when measured by impedance cardiography, Ebert et al

[

compared this technique to measurements derived from left ™ ,

ventriculography (183) This study was done at rest during card{ac

catheterizat1on The results suggested that stroke volume estimated by

)

1mpedance cardiography prpvided a re11ab1e estimate of the absolute
o

stroke volume and the change in stroke vo]ume. : L

“

" In summary, impedance cardiography is a noneinvasive method of .

measuring beat-to-beat variations in stroke volume. In the absence of

t

. left-to-right shunts and valvular insufficiency (17,165,166), impedance
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cardiography can provide both reliable and reproducible estimates of the

-cardiac output and stroke volume in man and animal.

’

.It‘appears that impedance cardiography probably measures impedance ~

changes that occur primarily in the aorta during ejection hence output
from the left ventricle. However, the factors that contribute to this

change in conductivity are not comp]étely understood and further

“investigation is nece§§ary. At present it appears that contributions

from the systemic and pulmonary vefns may also occur (17,143-148).

also seems likely that the. velocity of blood flow and the orfentation of

the red blood cells may contr%ﬁute to the genesis of the dZ/dt wave form

(150,151).
There is a Iack of validation of the impedance cardfiogram using the

F1ck Technique as the reference method during exercise. S1nce this




technique fs considered the most valid one for measuring cardiac output,
detefm1nat1on of’the systematic error in the impedance méthod when
compared to the Fick Techﬁique during exercise would be of value. In
addition, 1imited studies have been done during maximal exercise in .
norha] subjects., If fhe method was found to have no systematic error or
a constant error throughout the test when compareg to the Fick Méthod
and adapted to m551mum exercise testing, the procedure may be more
acceptable and more universally used.vApplication of the technique for
use for patients with coronary artery disease 1in the cardjac

rehabtiitation is also lacking.
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AIM OF THE PRESENT STuDY

This study was designed to evaluate the possibility of using
Impedance Cardiography as a method to assegs the stroke volume respbnse
to increasing heart rates during upright éxércise in patients with
ischemic heart disease. Impedance Cardiography fs a non-invasive
technjque which will permit 3 large number of patients to be examined.
Further, dué to the pature of the technique, adabtation to the cardiac
rehabilitation setting may have important praeticél implicatfons.

Answers were sought to the following questkqns:

1. 1Is it possibde to genefate the stroke volume-heart rate profile and
hence cardiaé'dutput;accurate1y and reliably by a non-invasive
technique? | v | |

2. Is it possible to generate normal stroke volume-heart rate prof1le§
énd cardiac output in endurance trained athletes?

3. Is it possible to generate a stroke volume-heart rate profile
non-invasively in patients with known left ventricular qysfunction?'
‘4..whqt is the stroke vblyme-heart raté profile in patients who ﬁaVe
suffered an acute infarction about 2 months previously? |

The general methods of this series of investigation will be
outlined in Chapter II. Following this,’qhestfons l_ahd 2 will be‘dealt
with in Chapter I1II while questidns‘3 and. 4 will be dealt with in |
Chapters IV and V respectively. Each'of Chapters III, IV and V will:
commence with a shortkihtroduct3on regarding the barficular problem,

will include the results of the investigation and will conclude with a

- short discussion. Chapter VI will be a short discussion regarding the
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clinical and physiological implications of this series of jnvestigations

and will conclude with a number of future research questions,

\ . ' “ I
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_CHAPTER 1T
S < | R

GENERAL METHODS

r,y’"'..

Measurement of Stroke Volume and Cardiac Output

& The M1nnesota Impedance Cardiograph Model 304A (Surcom Inc.
~ Minneapolis) was used for measuring cardiac output in this serles of

" investigations. Four bands of self-adhesive mylar-backed. aluimipun  ° -
electrodes were placed arounddthe neck ' and chestﬂ30‘minutes prlor to the

commencement of the study. Two wereﬂplaced]arouﬁd the neck, 3.to 5 cm.

Al

apart The third electrode'was placed around'the‘the trunk of the body

l‘

at.the level of the x1ph1sternum and the fourth was placed at least 5 cm

below the thlrd electrode Nhen connected to the 1mpedance card1ograph

-

the two outer electrodes transm1tted a constant s1nuso1dal alternat1ng

current (4ma QMS and 100 KHz) through the thorax and the changes in the

LI "‘\

transthoracic klectrlal lmpedance were detectbd by the two 1nner

electrodes'(Flg 1A) Mean total 1mpedance between the inner electrodes,
(Zo) was computed by and displayed on the Impedance Card1ograph.‘ }{
Simultane0us recordlngs of the rate of change of 1mpedance through eachw,l
phase of the cardtac cycle (dZ/dt)‘ the electrocardiogram and the |
phonocardiogram were made on an ink re ;rder at a paper Speed of 50

eland) The heart rate dZ/dt oy

L

mm sec (Model 24005 Gould Inc.,_ct
and the left ventrtcular ejectlon time: (T sec) were obtained from the f ;

recordings as shown 1n Fig 181 Calculation of the\stroke volume was

made using the followlng equation (1){'t,“"'



-

Stroke Volume = 2 x L2 x T x dz/dtmin

‘o

Zo2

. where, /<>~ reSISt1V1ty.0f the b]ood at body temperature as determined by
(53 2 e0. 022H) (2), H= hematocrit (%), L= average distance between the
inner pair of eiectrodes measured at the anterior and posterior mid]ine -
(cm), T~1eft ventricular eJection time (sec) dZ/dt and’ Zo were obtained
and defined as described above. " | ‘ i ‘
Recordings were made at rest and during exercise with the su?%cts
in the'upright p051tion or supine (during the cardiac catheteriiation
) study oniy) on a bicyc]e ergometer. It was found that movements caused
by respiration and exercise introduced artefacts into the. recordings
' These artefacts were avoided by requesting the subJect to stop aii
.movements both at rest and at the'end of each wdrk]oad The subject

were 1nstructed of hoid their. breath at normal end expiration and and to }f

stop pedalling for about 5 t0~10#seconds while 6 10 cardiac cycles were o
recorded Ali the ca]cuiations were based on 5 cardiac cycles The

subJect then resumed exercise immediately after comp]etion of the i

recording Blood for the measurement of the hematocrit was obtained from j'

!-“1

the antecubital vein immed%ately foiiowing each recording

Blood pressure was measured by a sphygmomanometer at rest and at

the end of the second minute of each workload and after competion of the

symptom-limited exercise test. A. 12-iead eiectrocardigram was monitored

c0ntinuously throughout the test



\

Protocoi for Exercise Tests in Patients

The patients performed exercise on the bicycle ergometer (Modei No.
388 Cycle Ergometer Siemens Ltd.) - in the upright position A1l patients
were familiar with the apparatus The partiCipants came to the exercise
laboratory in a fasting state The workioad started at 30 watt and .
increased by 20 watt every 3 minutes untii one or more of the foliowing

end points was reached: 1) 85%iof the predicted maximum heart rate, ii)

- chest' pain, iii) eiectrocardiographic ST changes compatible with

fschemia (i e.>1 mm depreSSion) iv’) ventricular arrhythmias during

4 exercise (i.e. Pvc>10/min muitifoca] PVC's, coup]ets or ventricular

tachxca(\ia V) an abnorma1 drop in blood pressurg or a fai]ure of the

biood pressure to increase over three consecutive workloads vi) fatigue

or shortness of breath vii) dizziness (3)

LA
.

Diagnosis of Myocardiai Infarction “‘h.‘f ’

Myocardiaf infarction was diagnosed by the presence of two or more

of the foilowing i) typicai history of retrosternai chest pain )‘

eiectrocardiographic changes and iii) eievation of cardiac enzymes

(creatine kinase >105 iu/] and creatine kinase-MB >14 iu/i) A -

M
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Figure 1A and.B ; S !

A.

. CARDIOGRAM: Attachment of strip electrodes on a subject- electrodes

POSITION OF THE ELECTRODES USED TO RECORD THE THORACIC IMPEDANCE

1 and 4 are connected to the constant current oscdl]ator whi]e 2 and
3 are used to detect changes in current. (Z0 ~ average total

\

transthoractc 1mpedance dZ/dt‘n rate of change of. 1mpedance ‘ECG -

_“*e1ectrocard1ogram PCG - phonocardiogram M- microphone p]aced on

precordium). o . o )

B 'iTYPICAL RECORDING OF THE . IMPEDANCE CARDIOGRAPH;

Typ1ca1 impedance- cardiogram recordlng witq simu1taneous ECG

and PCG. Measurement of dZ/dt and eJection time T 1s as’

min
shaown. Broxen horlzontal 11ne shown with the dZ/dt record 1s

the ca]ibratlon base 11ne\ ‘
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o CHAPTER 111"

.. »

VALIDATION OF IMPEDANCE CARDIOGRAPHY®

o \
LTI . . ‘ - '
‘i

P

Introduction: g _ R e .

.

: 3 ‘ R - )
. Resting hemodynmamic parameters haVe been shown to"be an unreliable

means of fredicting e*ercise capap#ty (1) or cardiovascuﬁar response to

' exercise (2,3). Measurement oﬁ the cardiac output during exerc1se
R (1 y i
proViﬂes.vai able information when a550551ng the functionai capaCity of

i “ W I4

the cérdiovascular system in patients with cardiac disease. However,
most methods used to evaiuate cardiac output are 1nva51ve or require

1sotopes and are therefore not readi]y available to alt patients nor are

they readi]y repeatabie Impedance cardiography 1s a non-invaSive method

of obtaining cardiac output Use ofithis technique may ensure frequent

o access to informationfg}garding the ventricular response during both

o
b Ve
' P ‘A P ) ' R A

vupright ahd supine exerciSe.

‘ ‘Beat-by beat meaSurement of stroke voiume and heart rate (hence

' cardiac output) can be obtained iy this method (4) The procedure

invoives app]ication of a smali constant'current (4ma 100KHz) across the'
/ . . .

thorax (5) The movement of biood para' ff'to this electric fie]d

i

caused by the ejection of blpod from ;he left ventricle creates a L

. vy i L. »‘, P -‘ RS .
; T ) TR o T S® e ’,Ha' ‘,“4 |
. i . o i N . .

‘ A version of this chapter has been pubiished Teo KK,‘;,
| Hetherington MD Haennei RG Greenwood PV Rossal] RE & Kappagoda T.

"Cardiac output measured by impedance cardiography during maxima]

exercdseetests. Cardiovascuiar Res 1985 19 737 743



A
)

chaﬂ@e in'the transthoracic'impedance (é), The changes ip the electr1ca]

1mpeﬂance that occur during systo]e appears to be due to volume changes
. ! .y
in the aorta due to left ventr1cu1ar ejection (7, ). In addition the

‘or1entatloﬁ of the erythrocytes 1n the f]owing b]ood during eject1on

appear to contribute to the rate of change of the 1mpedance (9) 0n1y
/“\ 4 .
minor contributions appear to arjse from the right ventr1cular eJectTon

i
i

- (20).

;‘Q“ Several 1nvest1gators have a%%empted to va11date the technique and

t,i

Jthere is génera] agreement that the procedure prov1des an acceptable

" |
. -

, measure of the cardlac output at: rest\and dur1ng submax1ma1 exercjse

. 8I1

-

-~

t

o

DE P

(I1). whether thesmethod prov;des reTiab]e and reproducjhle estimates of

[}

‘abso]ute or re]at1ve changes for cardtac output 1n humans remains
‘"controvers1al Prev:ous studies, were usual]y done during supine exe
at relat]ve]y modest 1evels of activ1ty (1 e card1ac outputs of less

than 10 1/m1n) (12 16) Dye dilution or the CO2 rebreathingltechniqugs

- were usua]ly used for comparisonx Studfés\done at maximal exerc1se often“

.‘ o

' resu]ted in an underestfmatlon of - the card1ac output (11 14)

Pl 5 N

When evaluat1ng a new system of measurement 1t 1s neceSsary to Piﬁ"“'

A, .
\determ1ne the ya11d1ty and repeatabf1ity of the method under study.,r

F1rst the method shou1d measure what it 1s intended to measure that ’

1s the cardlac output T'_.performance of the method during the actua)

: study should be tested and the results should.fol1ow the expected

Qphysio]ogicaf increases and decreases. Sec0nd-

‘vl‘ -5

?should be determined Error may be due to the measuring 1nstrument the fﬂuf;

‘ A A .‘..l )
'technique used in the data collectfon procedure or due to the obServer

“L m"'

L .
or environment The systematic error or constant error refers to the g

f”the source of ! error L]‘

Co

o
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error due to some known or unknown influence that causes the score to
lie in one directjon (i.e. above on be]oy the true Qa]ue). The |

. systematic error tests the 1nherent precision or acéuracy of the method.
To identify the systematic difference of the new method, it 1s necessary
to calibrate all data obta1ned fron the new mfthod against that from a
reference technique (1,e, Direct Fick Techniqle). Once the presence or
absence of a systematic error is determined, plus any bias contributed

. by the observer and the collection technique have been controlled, it 1is
nqussdny to determine the repeatability or random error of the new
teghnique, Random error or the varfability of 1nd1vidua] measurements
reflects the fluctuations due to chance and should be determiped at a
tsteaQy state and at short 1ntervalsﬂ Finally, determination of .lopg temm
reproduc ibility or repeatabi]ity should reflect how the technique wil]
be used in practice,

The valie of fmpedance cardiography as a method of measuring both

stroke volume and cardfac 6utput dufing exercise would be ephanced 1f {t

~*couid be demonstrated that the measurements-made were free of systematic
error or demonstrated a constant error and one that was in the same
‘direction when compared to the direct Fick technique. In additfion, the
acceptance of the technique would be enhanced 1f the measurements made
were reproducible during maximal egerctse. fherefqre, the present study
nas undertaken to determinerwhether there was any systematic error in
the technique when compared to the direct Fick method at rest and during
exercise. Secondly, the random error of the technique was examined.
Thirdly, éhe reproducibiiity of the technique was examined during

conventional maximal éxercise tests using the bicycle. ergometer.

82
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The study was performed in 3 sébaratq‘stages:
1) Assessment of any systematic error by tomparing simultaneous
measurements of cardiac output by impedance cardiography and thé direct
Fick method, |
2) Estimation of the short term random error by repeated measurementﬁ
" of cardiac output and stroke volume at rest and dyriﬁg "steady state”
exercise,
3) Determipatfon of tpe rephoduc1b1]1ty of the method by cémparing
measurements made during two maximum exercise tests cérried out one week
apart on healthy endurance trained athletes. '
4) Determination of the stroke volume-heart rate response during

upright exercise in endurance trained athletes,

»Methods

r .
1) Estimation of the Systematic Error; Comparison of Impedance

Cardiography and the Direct Fick Method

Comparison was done during cardiac catheterization in patients who

were being investigated for angina pectoris. All patients were in normal

e

sinus rnytgh. Catheters were positioned in the main pulmonary artery (F7
Zucker Catheter, USCI) and in the descending aorta (F8 Pigtail Catheter,
bprdis) for obtaining blood samples. Cardiﬁc output was determined by
impedance cardiography‘(aé described ig "General Methods") and by the
difect Fick-méthod{ at rest and during‘supine exercise using a bicycle
ergometer (Model 38B, Siemens Ltd). The level of exercise was Se]ected
oﬁ an individual basis for each patient, depending upon clinical status

and exercise capacity as determined by a previous exercise test.
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Oxygen uptake was measured dyring the 3rd and 4th minute and blood
samples erm‘the puimonary arienﬁ and the descending aoﬁta were
collected at the end of the A4th minute., Impedancé cardiography N
recordings wefe made impediately| following the oxygen uptake‘
measurements, Cardiac output was'tneh-ca1c‘]ated by the direct Fick .
method and by impedance cadiograpnyﬂ‘ : -

Using the Fick Prinéip]e, cardiac butéut‘WQS calculated from the
oxygen consumption and the arterio-venous o*ygen~difference, The oxygen
consumption was measured us1n9;a continuous flow technique (17).
| Arterial and venous oxygen con;ent was determined from blood samples
taken s1mu]tanéous]y from the Fu]monary,artery and the descending aorﬁa,

'

Oxygen content of each blood s%mp]e was calculated from the measured
! !

v

percent oxygen saturation (Unjstat Oximeter, Model No. 405805,'Aﬁer1can‘
Optical Co.) and the theoretical oxygen carrying capacity. The latter
was obtajne; by multiplying the hénog]ob1n concentration (gm/100m1) by
1.34 (m OZ/gm hemoglobin) (18). The amount of dissolved oxygen was
calculated on the basis of the Pa0, (19) agd this‘quantity was added to
the above value to estimate the total theoretical oxygen carrying

capacity.

2) Estimation of the Short‘Term Random Error

This part of the study was performed in 4 healthy male‘subjécts,
(mean age 22.3’:|2.3'years;7$EM). The exercise was undertaken in an
upright posture on a bicycle ergometer (Model 38B, Siemens Ltd). In éach
subject the cardiac output was measured according to the following

protocoﬁ. First, four consecutive measuremépts were made during rest at -

84
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intervals of 3 miputes. Next, each subject exercised for 12 minutes at
80W and the stroke ;o]ume and cardiac aqutput were measured at the end of
the 3rd, 6th, 9th and 12th minute, The subjects rested for 15'ﬁinutés
and then exeréised at a workload of 130N‘f5r anogher 12'minutesg Four
measurements of cardiac outﬁut and stroke volume were,madé as above. In

this way 1t was possible to obtajn four measurements at 3 different

Q
\

steady states in each of the four subjects, ) L . ‘
. : L | x
3) ReproQuc1bi1ity of Impedance Cardiography Measurements During
Max1ha1 Exercise v
Six healthy young male athletes (mean age 26.2 5‘4.4 yéh?é, SEM)
were studied. They weré exercised 1h an upright posture on a bicycle
ergometer (Modé] 388, Siemens Ltd). The Subjects were endurance trained
athletes and were able to perfo}m>two reproducible maximum exercise
tests in termgvof mafimum heart nafe and oxygen consumption undertaken
one week ap{ﬁt.‘Exercise workload started at 30W, increased to S0W, 80W 7 .‘
and then in 1ncrements’of 50K every 3 minutes up to the maximum exercise
as indicated by a plateau of the oxygen consumption (20). Stroke volume, '
heart rate and cardidc=output-&ere measured at resf énd at the end of
each 3 minute stage of exercise up'to the maximum level. Oxxgen
consﬁmption was measured at each stage for 2 minutes justvprior to the——

cardiac output determination.

StatisticaliMethods

1) The systematic error was assessed by comparing the\impédance

Cardiography data with data obtained by the Fick method by means of a
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least square regression analysis and by determining the correlattom

coefficient (21). '
2) The random error was expressed in terms of the. coefficﬂent of

variation, - R
NN ‘

v 5 b .
3) The reproducibility was examined by comparing the two measurements

)

made one week apart using a least squdre regréssion apalysis and by
‘ . N '
determining the corre1atlon coefficient (21) 1;\
v -
A1} group data were expressed as mean + standard error\of the mean.

A "p" va]ue of <0.05 was taken as the level bf significance for the

\ . i
: '

difference between groups. . ‘s : .
" Results

1) Assessment of the Systematic Error

A total of 40 measurements were made at rest and during supine

exercise in 20 patients (for clinical:detailsisee Table-1). A'high1y‘
§1gn1f1cant linear corrélation between the measurements made by
'ImpedancelCardiography and thdse made using the Direct Fick technique
was found (corre1at10n coefficient, r=0 93, 'p<0 001). The slope of the

regressjon: line and the intercept were' not dvfferent from unity and zero

respectlve]y, indicating that there was no significant systematic error - -

4

in the method when compared with the direct Fick method. The range of

cardiac output measured was from 3.5 to 18 litres/min (Fig 2).



- .2) Assessment of Random Error

In each subject 12 measurements of cardiac output and stroke volume

87

were obtained, 4 each at different steady states (1.e, restf.exercise at

80W and 130W). The'avenage cardiac output in these three conaitions'were
- 6.33 + 0.22, 10.34 i‘0.33Aand 13.06 + 0.37.1/min respectively. The
coefficients of variation of the cardiac outputﬂinlthe_four subjects‘
ranged from 2.0% to 3.9% at rest, 1.5% to 3.8% at 80W of exercise and
2.2% to 4.9% at 130W. The overall mean coefficient of variation was 2.97
+ 0.40%. Thus the short tem random error of the cardiac output "5
measyrements as indicatedd by the coetficient of variation was iess than
5%. ihe correspdﬁhing values for the stroke volume ranged from 3;7%.to
13.7% at rest, 3.8% to”6.§%-at 80W and 2.8% to 5.7% at 130 ﬁ4%f |

exercise. The cpefficient of varjation for_the heart rate wast.B% to

6.6% at rest, 1.3% to 6.8% at.80W and 1.0% to 2.9% at 130W. .

3) Assessment of Reproducibility &

A1l 6 subjects were able to perform maximal exercise tests ong week
apart achieving simi]ar end-pofnts in work load. Four achieyed workioads
lof 330N and tne other two subjeéts reached 280W of work. The maximal
nathre ot tne:ekercise was indicated 6} a Qi:teau in the'heart rate

‘response and tpe oxygen coﬂ?umption Repro ibi]ity of performance

-during the tests was indicated by the highiy significant correlations in‘

heart rate and oxygen consumption measured during the two tests (Fig 3

and 4) The average max imum. heart rates and oxygen consumption attained' ‘

L
during the two tests did not different significanty (mean 175.0 + 5.6

———

beat/min, 4. 4 +0.2 ilmin respectiveiy)



I

The. cardi ag output measurements showed a highly significant
corre]ation between the two tests (Fig S).‘The slope andfthe,intercept
of the regression was not different from unity and zero respectively.
The stroke volume measurements between the 2 tests showed a correlation
coefficient of r=0.84, p<0. 001 but the'slope of the regressfon 1ine

(0.80) differed sigmficqnpy fron that of the line of fdentity (Fig 6).

4, Stroke vo]ume~heart rate response to upright exercise
During‘maximum‘exercise tests it was found that the stroké volume
increased gradually from the value at rest,up to a uorkload of BON At
workloads in excess of BOW, no increase in stroke volume was observed
(Fig 7). The increase in stroke volume occurred at heart rates of 60 to
120 beat/min (Fig 8). Thus the’increase dn cardiac output ohserved at
workloads of greater than 80W or at heart rates of greater than 120
beat/min were mediated by increases in the heart rate while the stroke
voiume was preserved at the maximum value. These iindings are comparabie

. to data reported in the'literature fron several invasive studieg.(Fig 9

and 10).

Discussion ‘ : , h~ o

E This study’demonstrates the usefulness of}impedance Cardiograohy
‘for the.measurement of stroke volume and cardiac output, at rest and
during conventiona1 maximai exercise on a bicycle ergometer. The method
is free from any significant systematic error over a range of cardiac
outputs from 3.5 to 18 liter/min and has an acceptabie short and 1ong
term rahdom error. Increases in cardiac output and’ stroke volume

observed in the athletes during maximum exercise were simiiar to'those

i
|
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reported by Astrand et al (22) and al'so by other investigators (23,24)

(Fig 9 and 10)..

Methodoiogical Cons1derations '

a

The variations in electrical impedance to high frequency e]ectrica]
¢

current has been’ known sipce the beginning of the century (1). Later it

h)

was observed that these changes were synchronous w1th the cardiac cycle
(6) and have been shown to. predominantly ref]ect changes in the movement
of blood ejected from the left ventricle.(G 8) A theoretical basis for
piethysmography has been described by Geselowitz (25) and Lehr (26).
However the phy51o]ogica1 basis for these impedance changes remain
,constroversiai and are probabiy due to a number of physiologicai changes

: that occur both simuitaneousiy and in sequence during the cardiac cycle

(11). Kubicek et al (27) u51ng a tetrapo];r p]ethysmograph modified ‘the

formuia of Nyboer (11) for, the measurement of stroke volume. This group

also deve]oped the first commerc1a]ly avaiiable impedance cardiograph A

: number of factors affect the various components of the Kubicek equation |

and adjustments,have been suggested to improve the accuracy of the

measurements. For exampie although the left ventricular eJection time

"couid be defined by the dZ/dt wave of the impedance cardiogram (27)

' simultaneous phonocardiogram was -added . to- indicate aort?c valve c]osure
SO as to assist in determining the end of ejection more accurately (28).
}The measurement of minimum dZ/dt has been the subject of controversy
a]so. Several reports suggested that measurements shouid be ‘made from
the. calibration baseline to the peak of the dZ/dt wave form (12,13,27).

‘ Others have suggested that the dZ/dt should: be measured from the nadir

”



of‘the initiai‘def]ection at the eommencement of ejection (15). In the
present study, 1t was found that these two methods of measurement -
yielded values for cardiac outpuf which were {dentical at rest and which
were found to'correiate cioseiy with those obtained simultaneously by
‘the Fick method However, during exercise, the measurements from the'
baselipe tended to underestimate the stroke voiumejby‘as much as 50%.
Measurements,tahen using the initial d%ﬁ]eetion of the dZ/dt wave jJust
prior to the main upstroke of the dZ/dt wave correiated nore‘cioseTy
with that 0btained simuitaneOusly from the’fick method (see Fig 11),
Respiration and other body novemehts also effect the height and the
form of the dZ/dt wave. Subjects were requested to stop exercise and to  /
hold their breath at nornai end-expiratio for the duration of 5 cardiac
cycies; This‘procedure allowed satisfactory recordings to be madeiat the -
. |
higher ]eveis of cardiac output achieved during exercise. The break in ‘

the exerpise induced by this method was too short to produce major .

changeé in hemodynamic variables provided a "steady state" was attained .

\ ' ¢

during: ‘the exercise (14). Measurements of the heart rate were taken just

prior ‘to the end of each workload 2

.

Finally, since a re]atio?ﬂhip between blood: resistivity, hematocrit

and‘body temperature has been demonstrated (29,30);.the changes in ot

hematocrit which occur during exercise were taken into account when

calcuiating the cardiac output (30)

Accuracy of the Method

Previous rep rts have 1ndicated that a discrepancy may exist
I
‘ between the cardiéc output measured by impedance cardiography and that
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—measured by other conventiona] 1nvasive techniques, (12,31). In the
Uy
present {investigation a significant corre]ation with the direct Fick
method was ach1eved by adjusting the factors that affect the Kubicek

equation (27) as described above.

—
.

. \ '
The range of cardiac output over which the comparisons were made
was between 3.5 and 18 liter/min This 1imitation was imposed by‘the
1nability of‘the patients to undertake more strenous exerc15e during the

L

catheterization Ethical considerations preo]uded the catheterization 02
‘normal subjects for maximal tests. Aithough no direct comparisons were M
made at outputs greater»than 18 liter/min, 1t is of interest 'td compare
the output and stroke volume measurements made . during maximai test using
impedance cardiooraphy with those reported in the literature trom |
fnvasive studies‘at comparabie'workToadsy(22¥24) (Fig 9 and 10).

| The short‘term random error at rest and during the,two stages of
steady state exercise were less than 5% and were similar to the results

e

obtained~from invasiue techniques (32). These random errors were '
assessed at average cardiac outputs of 6. 33'+ 0.22, ~10 34 + 0 33 and
13'06.1-0'37' No attempt was made to make a formai assessment of the
random error at higher cardiac outputs/ because the protocoi demanded
that the subject maintain a Steady state of exercise for 12-15 ‘minutes.
This protocoT proved to be difficuit to achieve at high work]oads |
The physiologicai~response to maximaT exercise as indicated by'the
results of tests. performed one week apart by the healthy subjects in
this study yiered data which were highly reproducible There was a
significant correiation in heart rate and oxygen consumption at '

identical maximai work between the two tests. The subjects were chosen

S
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on the basis of their well;traiﬂéd statds; and hence their

cardiovascular fitness was un)ikely to change during the one week
/
interval between tests. In these subjects the measurement of ¢ardiac .
' : /

output on the two occasions showed a highly significant correlation.
/

Varjability of stroke volume was greater especial]y at rest just prior

/

to start1ng exercise and during the f1rst stage of exercise, It is

11ke]y‘that this varﬁability s -a reflection of the chang1ng
. -/ ' o
physkological status of the subjéct rather than an intrinsic "error" in

‘ / : S ' .
the measurement ds it was.offset by small reciprocal changes in heart

’

rate. No attempt was made to control the time' of day of the exercise

test, the e§Ere$se prior to coming to the exercise laboratory or the
IR Y / ‘. ‘ ‘
diet or figid intake during-the test period.It 1s suggested that such

variatioﬁs in stroke volume and heart rate could occur as a result of
1nteractlon of the Sympathetic and parasysmpathetic output to the heart
the state of. the preload and the changes in the per1phera1 resistance at

/
the commencement of exercise (33,34).
./ . R “ B
/Clinical Implications ‘ :

It s recognizedhgenerally that'dorind graded'exercfse in the erect
ppsture, the stroke volume increases by abodt 50%'as the heart-rate
increases from 70 beat/min to 110-120 beat/min (22) From this exercisex
intensity to near maxfmal exercise stroke volume is maintained while
heart rate cont1nues to 1ncrease The findlngs of ‘the present study are
in agreement wIth the previous findings by 1nvasive methods (22—24)
Since increments in stroke volume during modest levels of exercise have

'

_been used as a means of evaluating left ventrfculartfunctton in patients .
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with heart'disease it As §uggésted that impedance cardiography cbu]q
prove’ to be a usefu] clinjcal tool, particu!a;ly because it 15
. non-invasive, This technique cou]d be done sequentia]]y during gradea
exercise tests and it fs readily repeatable, '

In Summary, the data in th1s study suggesn that cardiac output,
measured by timpedance cardiograpny, at rest and during submaximal and
max1ma1 exerc1se, is accurate and reliable and the resu]ts are highly
reproduqib1e. The conven1ence of this non- ipvasive technique makes it
eas11y and readi]y adaptable for use during convent)onq] maximum

exercise testing in norma) SubJectS~
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TABLE )
PATIENTS MO UNDERWENT SlNUkIANEOUS MEASUREMENIS OF CARDIAC OUTPUT By THE F1CK
METHOD /AND -[NPEDANCE CARD1OGRAPHY " '

. n
’
Males ) A
' Females - . ‘ 3
Ho, of measuremonts made v a0
. s
History
Myocardial infarction (4 angina) 7
Angina alone ' 6

'

Jndications for cardiaq catheterization

Known coronary artery disease 13 :
Suspeqted coronary artery disease 5 ..
Evaluation of chest pain murmurs . 2

\ * Results of cardfac catheterfzation
' No, of patients with;

Significant diseased vessels 17 v
‘ portic stenosis ' 2
: r
' Cardfomyopathy ' 1 .
L ) ~
Resting Ejection Fraction (mean t SEM)
_ ..+ Total patients (n=20) . 61133 o

With Previous 1nfarct105'1n=7) 52123
No previous fnfarction {n=13) 69t4

A



Figure 2 | '

S IMULTANEOUS CARDJIAC OUTPUTS MEASURED BY IMPEDANCE CARDIOGRAPHY

CAND THE DJRECT FICK METHOD: Linear regression~(i SEM) of simultaneous
paired cardtac output measurements by imgedance cardfography and dire.ct _
Fick method, Highly significant correlation was obtained, regresé1on
coefficient ~ 0.93, p<0,001, n=40),‘ The slope of ~the regression line

and the intercept were not different from unity and zero respectively,
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Figure 2
REPRODUCIBILITY OF OXYGEN UPTAKE DURING MAXIMUM EXERCISE:

Linear regressfon of oxygen uptake during 2 maximum exercise tests
performed one week apart by 6 healthy subjects, “Highly s1gh1ficant
correlations (b<0H001) were obtained comparing pafred data obtained

during test one (initial test) and test two (repeat test),



3NO L1S3L

0t

G2

072

Gl

$g =u
8670 =/
€00 + x(60 =K

|8

l

(UwW/[) INVLDN NIDAXO

S0

o't

Gt

0¢

G¢

0t

St

ov

Sy

OM1 1831



Figure 4
REPRODUCIBILITY OF HEART RATE DURING MAXIMUM EXERCISE:

'
e

Linear regression of heart rate during 2 maximum exercise tests
performed one week apart by 6 healthy subjects. Higﬁly significant
‘correlatfons (p<0.,001) were obtained comparing, paired data'obtafned

during test one (ipitial test) and test two (repeat test).
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F19ure 5 B '
REPRODUCIBILITY OF CARDIAC OUTPUT DURING MAXIMUM EXERCISE:
Linear regression of cardiac outputlmeésured by impedance cardiography

during 2 maximum exercise tests performed one week apart by 6 healthy

3

subjects. Highly sigﬁificaqt correlations (p<0.001) were obtained

comparing paired‘ddtahbbta1ned during test one (initial test) and test

!

two (repeat test).
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REPRODUCIBILITY OF STROKE VOLUME DURING MAXIMUM EXERCISE:

L1near regresstoh of stfpke'vo}ume heaﬁured by impedégce cardiography
ddring 2 maxiMuﬁ exercise tests pg;formed'one week apart by 6 healthy {
subjecté. ,H19h1y‘51gn1£1caht corﬁe]atibns (p<0,odij,were obtaineqb

compqr1ng‘b§1red data obtained during test one (initial test) and test

v

“two (repeat test).
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Figure 7. , |
" STROKE VOLUME VS’ WORKLOAD DURING MAXIMUM EXERCISE IN ENDURANCE ATHLETES
Relationshjp of stroke vo]ume (+ SEM) and work]oad during maximum ‘
\exercise tests measured 'in 6 healthy subJects \ggaximﬂﬁistroke vo) ume'
was achieved at a work]oad of 80 watts and a heart ;;;e of 120

beats/m1n.
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Figure 8
STROKE‘VOLUME VS HEART RATE DURING MAXIMUM EXERCISE IN ENDURANCE

ATHLETES: Relationship of stroke volume (+ SEM) and heart rate during

max fmum exercise tests measured 1n 6 healthy subjects. Méxlmum,stroke
. 3

volume was achieved at a workload of 80 watts and a heart rate of 120

beats/min.
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.cARq;Ac o.u\wuf ﬁEASURED BY IMPEDANCE CARDJOGRAPHY AND STANDARD INVAS]VE

gﬂgﬁ‘()bg{ Relationship between cardigé output and oxygen uptake during
lézgiim;m‘engciée tests measured in 6 healthy subjects, Results 1n'this
study, (with 1imits, :‘SEM, for both cardiac output and oxygen uptake)
were shown tode;peﬁ yith'ear]ier measurements by standard 1nva?1ve

techniques.
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Figure 10 _
STROKE VOLUM’E MEASURED BY IMPEDANCE-CARDIOGRAPHY AND STANDARD INVASIVE
METHOOS ; Relqt1on$h1p between stroke volume and heart rate during \
maximum exercise tests measured in 6 healthy subjects., Results in this
study, (with limits, + SEM, for stroke volume) wére shown together with

earlier measurements by standard invasive techniques,

t



STROKE VOLUME (ml/beat)

180r‘ :

160—
140}
120

100——“

80—

40—

® ATHLETES (BY IC)
8 ASTRAND ET AL 1964

R N N DR R R
40 60 80l 100 120 140 160 180

~~ HEART RATE (beat/min)



'REFERENCES

Benge W, Litchfield RL, Marcus ML. Exercise capacity 1n
patients with severe Jeft ventricular dysfunction.
Circulation 1980; 61:955-959. N

Gelberg HJ, Rubln SA, Ports TA, Brundage BH, Parmley MWW,
Chatterjee K. Detection of left ventr1cu1ar functional reserve
by supine exercise hemodynamics in patients with severe,
chronic heart failure. AmJ Cardiol 1979; 44:1062- 1067

Hecht HS, Karaholios SE, Orm1ston JA, Schugg SJ, Hopkins-JM,

Singh BN Patterns of exercise response in- patients with
severe left ventricular dysfunction; Radionuclide ejection
fraction and hemodynamic cardiac performance evaluation., Am
Heart J 1982; 104:718-728.

Ebert TJ, Eckberg DL, Vetrovec GM, Cowley MJ.. Impedance
cardiograms reliably estimate beat-by-beat changes in
ventricular stroke volume in humans. Cardiovascular Res 19847 .
18:354-360. Y : ,

Mohapatra SN. Non-invasive carediovascular monitoring by
electrical impedance technique. Pitman Medical, London, 1981;
33-69,

. .Bonjer FH, Van der Berg JW, Dirken MNJ. The origin of the

varlations of the body. 1mpedance occurring during the cardiac-
cycle. Circulation 1952; 6:415-420.

Ito H, Yamakoshi K, Yamada A. Phyﬁiologica] and fluid-dynamic
investigation of the transthoracic impedance plethysmogoraphy
method for measuring cardiac output. Part II: Analysis of the
transthoracic impedance wave by perfusrng dogs _Med Biol Eng
1976; 14:373-377. ‘

Patterson RP, Kubicek WG. Studies on the effect of volume:
change on the thoracic electrica] impedance. Med Biol Eng

- Comput 1978; 16:531-536.

10..

11.

Visser KR Lamberts R, Poelmann AM, Zijlstra WG. Origin of
the impedance cardiogram 1nvestigated in the dog by exchange

“transfusfon with a stroma-free haemoglobin solution.

Pflugers Arch 1977 366:169-171.

Geddes LE, Baker LE. Thoracic impedance changes following
saline 1njection into right and left ventricles. J Appl
Physiol 1972; 33:278-281. -

Lambert R, Visser KR Zijlstra WG. Impedance cardiogoraphy
Van Gorcum Assen The Nether]ands 1984; 23-26 ,

113



12.

13,

14.

16.
17.
18.

19.

20.

21.

22.

23.

Gabriel S, Attérhog UH, Oro L, Ekelund LG: Measurement of
cardiac output by impedance cardiography in patients with

‘myocardial infarction. Comparative evaluation of impedance

and dye diiution methods Scand J Clin yab Inyest 1976;
36:29-34. . C

Denpiston JC Maher JT, Reeves JT, Cruz JC, Cymerman A, Grover .
RF. Measurement of cardiac output by e]ectricai impedance at
rest and during exercise J Appl Physio] 1976; 40:91-95.

Miles DS, Sawka MN Wilde SW, Doerr.BM, Frey MA B, Glaser RM.
Estlmation of cardiac output by e]ectricai impedance during arm -
exercise in women., J Appl Physiol: . Respirat Environ Exercise

"Physiol 1981; 51:1488-1492.

Edmunds AT, Godfrey S, Tooley M. Cardiac output measured by
transthoracic 1mpedance cardiography at rest, during exercise
and at various lung voiumes Cli Sci 1982 63 107-113.

Veigl VL, Judy WV. Reproducibility of haemodynamic o
measurements by impedance cardiography Cardiovasc Res 1983; 17:
728-734. ‘

Ahrend J, Damjanov1c D, Kerr L, Kappagoda T. “An accurate
method of oxygen consumption 1n infants during cardiac
catheterization. Cathet Cardiovasc'Diag 1981; 7:309-317.

Guyton AC. Textbook of medical physiology. 6th Edition..
Toronto: WB Saunders Company, 1981; 508.

West JB. RespiratOry physiology - The essentials 2nd

Edition. Baltimore: The Williams.& Wilkins Company, 1979; 69,"

Astrand PO, Saltin B. Maximal okygen uptake and ‘heart rate in
various types of muscular activity ~J Appl Physiol 1961; 16:
977-981. o , o . N

Snedecor Gw Cochran WG. Statlsticai methods;.cAmes, Iowa, The
Towa State Univer51ty Press 1980; 144 145, ‘

Saltin B, Blomqvist G, Mitcheii JH, Johnson RL, wildenthai K,
Chapman CB Response to exercise after bed rest and after '
training. A 1ongitud1na1 study of adaptive changes in oxygen

" transport and body composition Circuiation 1968; 38(Suppi

7):1- 78

Astrand PO, Cuddy TE, Saltin B Stenberg J.- Cardiac-output
during submaximal and maximal work . J Appl Physiol 1964; 19:

1 268-274,

/



24. Saltin B. Circulatdry response to submaximal and maximal
.exercise after thermal dehydration J Appl Physiol 1964; 19:
1125~1132.

' 25. Geselowitz DB. An application o% eiectrocardiographic lead
theory to impedance plethysmography. IEEE Trans Biomed Eng
~1971; 18: 38 4] . -

26. Leher A vector derivation useful in impedance
. plethysmographic field ca]culation IEEE. Trans Biomed Eng
1972; 19:156-157.

27. Kubicek'NG, Kottke FJ, Ramos MU, Patterson RP, Witsoe DA,

. Labree JW, Remole W, Layman TE, Schoening H, Garamela JT. The
Minnesota impedance cardiograph - theory and applications.-
Biomed Eng 1974; 9:410-416. .

28. Ba]asubramanian V, Mathew OP, Behl A, Tewari SC, Hoon RS.
Electrical impedance cardiogram in derivation of systolic time
interva]s Br Heart J 1974; 40:268- 275.

29. . Geddes,LA, Sadler G. The specific resistance of blood'at body
temperature. Med Biol Eng 1973; 5:336-339.

30. Mohapatra SM, Costeloe K, Hil1 DW. . Blood resistivity and its
implications for calcuiation of cardiac output by the
‘thoracic electrical impedance technique Intensive Care Med"
1977;. 2:63- 67. : ,

31. Judy WV, Lamgley FM, McCowen KD, Stennett DM, Baker LE Johnson
PJ. Comparative eva]uation of the thoracic impedance and

isotope dilution methods- for measuring cardiac output Aerosp

Med 1969 40:532-536.

32. Stetz cw Miller RG, Kelley GE, Raffifn TA. Re]iabi]ity of
the thermodiiution method in the determination of cardiac
output in clinical practice.” ‘Am Rev Respir Dis 1982;"

‘ x126 1001 1004 ‘ Yoo

33i Cnapman CB, Fisher JN, Sproule BJ. Behavior of’ strdielvolume
. at resting and during exercise in human beings J Clin Invest
5 _1960 - 39:1208- 1213. - ‘ B

34. Smith EE Guyton RD, Manning RD, ‘White RJ. Integrated
' .j.mechanisms of cardiovascuiar response and control during
. exercise'in the normal human. - Prog Cardiovasc Dis 1976;
18:421- 443 ' = N

5

T o



CHAPTER 1V

USE OF IMPEDANCE CARDIOGRAPHY IN EVALUATING -

THE EXERCISE RESPONSE OF PATIENTS WITH LEFT :

VENTRICULAR DYSFUNCTIOND

Introduction

In patients with clinical evidence of impaired left ventricular
function measurements of cardiac output stroke volume, stroke work and
eJection fraction at rest are not reliable prediotors of the
cardiovascular response‘to exercise (1-4). During submaximal exercise,
«such patients could exhibit either an appropriate increase in cardiac '
output and stroke Volume or an attenuated reSponse'(3 4). Thus there
may -be a potential danger in planning regimes of management for patients
with poor left ventricular function in the absence of specific
finformation regarding the cardiac output and stroke volume responses to’
exercise. For instance a training schedule based upon a target heart
rate could place the patient at risk (5,6). |
.i‘ Unfortunately most of the methods of measuring cardiac output are
invasive in nature, and cannot be adapted readily for use in the

out patient setting However impedance cardiography is a

e

b. A ver51on of this chapter has been published Hetherington M
Teo KK, Haennel R, Greenwood P, Rossall RE & Kappagoda T Use of
impedance cardiography in elevating the exercise response of patients 3

‘ with left ventricular dysfunction. European Heart J 1985 6: 1016 1024

116



o o
noneinvasiveftechnique for the measurement of stroke volume and cardiac
routput. It offers several advantagesloyer the invasive methods of

: measurfng these parameters (7-9). It is a.safe, convenient technique
which requires 1itt1e 1earning by the’ patient and can. be used for making
repeated measurements, The cardiac output can be measured re]iab]y and

'sequentialiy at rest .and Juring submaxlmal and maximal exercise 1n

‘normal subJects (Chapter iI) In addition the technique can be adapted
easily for use in the out atient setting |
The present investigation was undertaken”to determine;
1) whether, the stroke vd]ume and cardijac output could be measured by _
impedance’ cardiography in patients w1th coronary artery disease and ]eft
ventricular dysfunction |
) whether the technique is reproducib]e in patients with left.

ventricu]ar dysfunction |

3) whether.the.stroke vo]ume-heart rate response to exercise cou]d be
"eva]uatedrnon;invasively by impedance cardiography:in this patient

group. | - - ‘1 ST f .

Methods | | ‘ S C
The two part of this study were undertaken in a group of patients
'presenting to the Cardio]ogy Service at the University of A]berta
Hospita] Edmonton. In the first part of the study,’ the long term :
reproducibility of the cardiac output and stroke volume measurements
;determined by impedance cardiograpny was examined during two graded
exercise tests ddhe one week apart. Secondly, the exercise response was.

examined. in a group of patients with known left ventricuiar dysfunction



1) Long“term reproducibi]ity .
The reproduc1b1]ity of the technique was determined by measuring
the stroke volume gnd CP"dIaC output response to submaximai exercise in
5 patients-with left ventricu]ar dysfunctionANThese patients were
randomiy se]edted from the 15 patients who participated inﬁthe second
part of this study (see Table 1I). Each underwent a submaxima] bicycie
exerc1se test on 2 occasions one week apart The patients came to the
exercisée laboratory at‘the same time of day;\7 days apart, being careful
'to have taken their medication at the same time prior to each test
Stroke volume and cardiac output was measured at rest and at each 3
minute‘stage of exercise up to a 'symptom-limited' level of egercise

!

(see "Genera] Methods").

n
o

2) Exercise response‘in patients with left ventricular dysfunction ,

118

Fifteen patients, who'had sustained a major myocardial infarction 6

'to 12 months previousiy were investigated Symptomaticaily, this group
‘of patients were in:Functional Class II or I1II of the New York. Heart
1Assomatwn Classification (10) Ali exhibited ev1dence of. immediate
‘post 1nfarction fai]ure. Resting left ventricuiar eJection fractions
‘(LVEF) were: measured by radionuclide ventricuiography and ranged from
’17% to 65% at the time of the study Medication was not discontinued ‘and
iinc]uded digitaiis in 5 beta biockers in 3 diuretics in§ and o
‘vasodiiators in 4 patients. The c]inical information from this group is
'given in Tab]e II. At the. time of the study none of the. patients had

LR

ciinical ev1dence of heart faiiure.“
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.’All’patients underwent 'an exercise stress test using the protocol

as outlined,pneviously’in ‘Genenal Methods'. | -

Statistical Methods

1) Reprbducibility,was assessed by comparing the data from the two tests'

' done one week apart‘using a least square regression analysis (11).

2) Patients were classified 1nto 2 groups according to’ the profile of
the stroke vblume response to increasing workloads and heart rate.

Significant ditferences in the:group responses at 1ndividual workloads
‘was assessed by the wilcoxon rank sum test for two 1ndependent samples

(11)-. Minimum level of significance for all comparisons was taken to be

p<0.05.
\Resultsl 2 o S : '

Background Clinical Data on Patients Studied

The 5 patients studied in part 1 all had a history of myocardial
infarction. The resting ejection fractions of this -group ranged from

g

22-40% as determined by radionuclide ventriculography (see" Table i for

details) , o _ , )
The 15 patients studied in, part 2 of the study also had a histony \

vdf‘myocardial\infarction and had‘clinical\eVidence of-acute.left

f

,ventricular failure during the acute phase of the illness. The clin1cal

details for these patients are as shown in Table II.



ReproduCIDility
") A significant correlation was obtajned between the cardiac output
and stroke volume measured one week apart i each of 5 patients

Regres51on analysis of the two. sets of data yielded regression

“120

coefficients of 0.94 (p<0. 001) and 0.93 (p<0 001) for cardiac output and

. stroke volume respectively (Fig 11 and 12 respectively).

Exercise Respoffse in Patients

-+-The stroke volume data from the fifteen patients were first

t

-examined to determine whether or not there were any obvious differehces
in the profile oﬁ the stroke volume" and cardiac output responses to

graded uprlght ekercise In 7 patients the. stroke volume and cardiac

output was found to 1ncrease in the normal fashion with succ ss&ye

» 1ncreases in work and heart(rate (Group A) (Fig 13 and 14 respectively) !

S In the remaining 8 patients the stroke volume failed to increase or
dropped at moderate workloads and at heart rates of greater than 100

' beat/min (Fig 13) The cardiac output in this latter group failed to

rise in appropriate increments or to sustain an increase during graded '

exercise (Group B} (Fig 14). When' the data was analysed after the,
. )
1n1tial separation (i.e» on the basis of the stroke volume profiles to

increa51ng heart rates) the patients in Group A showed a significantly *

larger cardiac output (p<0. 05) at 70 W and a significantly larger stroke _

l‘volume (p<0 05) at 30, 50 and 70 W than did patients in Group B. ;

In addition heart rates were higher in Group B than in Group A at

'workloads of 50 70 and 90W (Fig 15). The mean arterial pressure was
~also higher in Groupr‘than in Group A at 70 and 90w:(Fig 16). Ihe



‘Norris Inpdex and the resting ejection fraction was hbn different
between the 2 groups (see Tabie II) |

| Of the 7 patients in Group A, the test was terminated due to chest.
pain 1n one and fatigue in 7 patients. In Group B (n=8), the test was
terminated due to a fall in blood pressure response in 3 and fatigue in

5 - ’ L]

"Discussion

This ‘study was undertaken to estabiisn the feasibility of using
impedance,cardiograpny to,measure the eardiac output responses to
ekercise‘in:patientsbwith clinical manifestatjons'of‘ieft ventricuiar '
dysfunction, Invasive studies in such patients have revealed a variet}
of ohanges in stroketvo]ume; left ventricuiar fi1ling pressure, cardiac
output mean systoiic‘pressure and systemic vascuiarpresistance (3 4).~
These reported studies have indicated that the direction of change in
wthese parameters "’ cou1d not: be predicted with certainty from the
fmeasurements obtained'at‘rest. Under.these circumstances it"would be of
considerabie'ra]ue to have a ndn-invasive mEthod of measuring stroke
volume and cardiac output during exercise which couid be adapted ea51iy
for use in the Outpatient setting. |

_The findings of the present study demonstrate that impedance
1cardiography was reproduCibile over one week and could be used to
measure stroke volume and cardiac output response during graded exercise
in patients with left ventricuiar dys§unction As. demonstrated in the
fprevious series of experiments no. systematic error could be

denpnstratedtwith the‘technique when compared with ‘the direct Fick
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nethod in patients undergoing'routine diagnostic cardiac
catheterizationﬂ ' }MAJ |

" The data obtained in the second part of this study suggest that .
cgnventional end~po1nts of ekerc1se testing, such as ang1na atta1nment
of Bﬁp of predicted maximum heart rate, abnormal blood pressure response
or ekcess1ve stpnea or fat1gue d1d not cons1stent1y Lndicate a reason
for tennlnatlng the test in the patients who exhib1ted an abnorma]
stroke volune and cardiac ouytput "profite" dur1ng ekercisea On]y one
patient deve1oped 1schem1c changes during the ekerclse test and 3 had an
attenuated b]ood pressure response; all patients experienced fatigue and |
mi]d dyspnea, However, patlents in Group A were able to increase botn ‘
stroke volume and cardiac output w1th tncreas1ng w0rkloads wh11e
patients in Group B-were unab]e to increase stroke volume 1n the nonna1
fash1on Although they demonstrated an exaggerated heart rate response

nthelr card1ac outputs rema1ned attenuated during exercise (F1g 13)

Impedance cardlography appears to be a. re]iab]e method f0r - Aﬂ

eva]uat1ng stroke vo]ume heart rate and cardlac output in patients with'

known 1eft ventrlcu]ar dysfunction at rest In addition, the findings ’;', W
reported here may be of pract1ca1 importance 1n the 1ong term management
of patients when using vasod11ators or determin1ng exercise |

prescr1pt10ns In pat1ents who ethblt 1eft ventrlcu]ar dysfunction »"“\i

during exercise, 1t may be 1nappropr1ate to encourage some patients
(i. e.‘those in Group B) to attempt levels of exercise which result in a
b]unting of the cardiac output due to a fai]ure to 1ncrease stroke

volume or to drop stroke vo]ume during exercise.

-
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Underwent. reprpducibilffy studfes (2 ex®rcise tests 1 week apart),
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TABLE 11
' '
CHARACTERISTICS OF INDIVIDUAL PATIENTS -
SEA__. ASLOYR) MLSITE  CKOMW/DN  NOR,ANDD  EF(RA W3 DRUGS
Cioap K- AL SN N LN S, L. 17 .5 L. ‘
A N Ad AWM 2011 2,51 + 28 110 D
2 F 61 SEND | o922 2,94 65 50 A
3 M 53 Al 1625 7.06 22 94 D
An' M A8 AWML 4000 0,98 29 70 B
5 M . 54 AWM 2852 5.19 A7 50 D
[ M - 36 AWM] - 369 5.93 38 70 DNPJOI
7. F 60 1M1 “236 2,94 53 70 01
Mcan + St 52,0+3,3 \TA7+507 3,940, 36,006,6% 2,918,)
WOUP B ' » , y
ir M 53 AWM1 Yy 7.06 37 90 0
2 M 75 AWML 3065 1.5 25 50 ‘01
3 M 54 AWMI 354 6,99 ' 32 10 -
4 £ 10 AWM1 159} 3,95 50 90 8101
5+ M 5] s AWM ) 118 3,46 A0 90 N
6e M 64 AWMl (~) 2,94 34 70
) M A5 ARM] . 3895 A.21 55 70 8]
8 M 38 WML 2040 2,51 43 70 D1
Mean + SEM 56.3+4.4 17494519 4.840.7 40,0+3.4 7515
AWMLy Anterfor Wall Myocerdial Infarctfon
iwMl: Inferfor Wa)l Myocardial Infarction
SEND: Subendocardial Infarction '
1 CK: Highest creatine phosphokinase level measured in Coronary Care Unit
2 Data Not Available
© 3 NOR.IND: The Norris Prognostic Index was compiled from the following factors;
' age, prevfous history of infarction, radtological evidence of pulmonary f»;]"
congestion and radiological evidence of cardiomegaly {12), Y
4 £F: Ejection fraction at rest was measured'fn these patients using a
- conventional radionuclfde ventriculography technique (13,14). ’
5 WL: Maximum Workload a ed
6 Orug: D = digoxin; B =/% blocker, 1 = fsordil, P = prazosin, D{ = diuretics, N =
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Figure 1
REPRODUC IBILITY OF CARDIAC OUTPUT IN PATIENTS WITH LEFT VENTRICULAR

'DYSFUNCTION: Comparison of paired cardiac output (1/min) at rest and
during symptom-1imited maximum graded bicycle ergometer ekercise,
‘measured by impedance cardiography, one week‘épart by impedance
cardiography in five cardiac patients with left ventricular dysfunction.
A highly significant 1inear correlation fof cardiac output (r=94, *

p<0.001) was obtained,
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Elfw; 12 | |
'REPRODUCIBILITY ofF STROKE VOLUME IN PATIENTS NITH LEFT VENTRICULAR -
DYSFUNCTION Comparison of paired stroke vo]ume (ml/load) at rest and
during sj(mptom ~11mited maximum graded b1cyc]e ergometer exerc1se
measured by impedance cardiograpny one week apart by 1mpedance
car‘mograp([y in five cardiac patients with left ventr‘"ﬂ:ular dysfunction,
\

A highly sis\;nificant linear correlation for-stroke volume (r=0.93,

p<0.001) was\ obtained.
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STROKE v‘OL‘UM\E HEART RATE RESPONSE IN PATIENTS WITH LEFT VENTRICULAR
pYSFUNCTION* Changes in stroke volume (m]/beat) and heart rate
(beat/m1n) dur1ng graded upright exercise on a bicyc]e ergometerA The
Vpatients with left ventricular qysfunction“exh1b1ted two patterns of
stroke volume response (Group A, n-7 Group B, n=8). 'The values shown
_ are mean + SEM and each po1nt is derived from- the coordinator for the

workloads defined in the protoco].'
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 Figure 14

CARDIAC OUTPYT bURlNG EXERCISE IN PATIENTS WITH LEFT VENTRICULAR
DYSFUNCTION~ Cardlac output (]itre/min) during upright bicycle
ergometer exercise by patients with left ventr1cu1ar qysfunction who are
. c]ass1f1ed into Group A (n 7) and Group B (n=8). Values shown are mean
+ SEM A sign1ficant1y h1gher cardlac output was found 1n Group A
compared to Group B, as indicated by (*). ‘Only 3 patients tn each group'

?

gompleted the 90 Watt load.
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HEART RATE DURING EXERCISE IN PATIENTS NITH LEFT VENTRICULAR
DYSFUNCTION Hedrt rate (beat/min) during upright b1cyc1e ergometer
exercise patlents w1th Teft ventr1cu1an stfunction who are classified '
~into Group A {n= 7) and Group B (n=8). Values shown are mean +‘Sﬂﬂ No
s1gn1f1cant d1fferences in heart rate were found between ‘the 2 groups

[

~Only 3 patlents in each group comp]eted the 90 Watt load. '
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Figure 16

| MEAN ARTERIAL PRESSURE DURING EXERCISE IN PATIENTS WITH LEFT VENTRICULAR
DYSFUNCTJON ; Mean arterial pressure (mm Hg) during upright bicycle |
Kérgometer exercase by pat1ents with left ventrlcu]ar dysfunction who are
c]ass1fied into Group A.(n=7) and Group B (n 8). Values shown are mean
:‘SEM, No s1gn1f1cant differences in mean- arteriaI pressure were found
- between the 2'groups. Only 3 patiepts in each grodp qomp1eted the 90

Watt Toad.
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CHAPTER Vv

RESPONSE TO bPRIGHT EXERCISE AETER MYOCARDIAL INFARCTION®
introduction i
o The responses of the heart inrnonnal subjects undergoing graded
exercise in the upright posture are well known (1). The heart rgfe
increases in an almost linear éznner.unti] the maximum oxygen i
consumption is approached. The stroke volume increases from the rest{ng
value during the infitial. phase of'exercfse and reaches a max imum at
heart rates between 110§126 beat/min. The intenejty of ekercise at this
stage corresponds to 30-40% of the maximum oxyéen consumption. When the
fntensity of exercise is increased beybnd ;his value, the stroke volume
remains steady and the heart rate alone continues to inereaseA At
maximum exercise the heart rate fails to increase further and the stroke
volume may diminish 3-5% (1).
Previous results from this laberatory (Chapter 1V) suggested fﬁat
patients with left ventricu}qr dysfunction exhibited either a normal or
abnormal stroke vo]dme—heert rate relationship (i.e. §zﬁeke volue

increased with mild exercise then fell with higher wokkloads or failed

to increase with the onset of exercise). This relationsh1p between the

,\A..«
- ‘\

~';1 .

~

¢. A version of this chapter has been submitted for pub11cat10n:
Hether1ngton M, Teo KK, Haennel RG, Kappagoda T, & Rossall RE. Response
to upr1ght exercise after myocard1al infarction. Cardioyascu]ar

-~

Research, 1986.
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stroke volume aﬁd the heart rate in patients recovering from a
myocardial 1nfagct1on fs not wel] understood, due mainly to. the
difficulties in obtaining sequential measurements of stroke volume when
‘such patient§ qndértake exercise in the upright posture. However, the
techpique of 1hpedance‘cardiograpNy being both nop-invasive and
adaptable for use An the dutpatfent setting is suited for this purpose
(2); Theninvestigation described fn this paper was undertaken to
determine the relationship between stroke volume and heart rate in post
myocardial infarction patiénts undergoihg exercise in the upright
pésture. |

Methods

¢

Subjects

————

The study grodp consisted of a series of patients who had suffered
a myocardial ihfdrction 8-10 weeks prior to the investigatioh. Thé
patients were enrolled in the Cardiac Rehabilitation Program at thel
Uni?ersity of A]befta Hospital, Edmonton, Canada, and were examined at
this time as paft of ;he'rbutine follow-up available at this ,
institution. The 'study was limited to patien;s under 70 years of age.
| 'Medicatidh was not mahipu]éted prior to the test. Patients who were
}eceiving Beta-blécking agents'were nbt included in the anajyéis nor
~were those unable to comp]e;é'fhree workloads during the exercise test.
Apart from‘these’extluéiqpvcriter{a,Aihe groupuexamined‘conSisted of
¢on§ecufive patients. |

A small group of normal Sedgntary individuals receiving

—
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no medications were also studied to generate "normal™ data for
comparison.

Protoco] for Exercise Tests
\

i)-Patients
The participants came to the exercise laboratory in a fasting

state. A1l were familar with the testing procedure as they had undergone
. a low level exercise test prior to discharge from the hospital, 10-14
‘days fﬂ}]owing the acute infarct, This low level ;tress test was not
done if the patient showed signs of 1ef£ ventricular failure, had a
sy§to]ic blood pressure of less than 95 mm Hg, experienced significant
arrhythmias or had unstable angina and were excluded from the present
investigation (3).

* Tﬁe exercise test and 'the end-points 6f the stress test were the

same as outlined in the "General Methods" .

ii) Normal Subjects

The normaf.subjects also exé}cised in the upright position ona :
bicxcle ergometer. The 1bad was set.20W and increased to 30W, 50W and
80w every three minutes. The load was then increased by SO fn;rements
until the subject experienced exhaustion and a plateau th oxygen‘ o
consumption and heart rate was apparent with further 1n§reasés in work.
Oxygen consumption was measured at rest and during exercise in the

norma1,éohtrgls‘by a continuous flow technique (4).



o S ' 141

étroke Volume Measurement

Stroke vo]umé; heart rate and cardtac output were measured'oy ¢
impedance card1ograpny using‘the"procedure for both‘the post 1‘nfarctionk~
patients and the normal subjects as outlined in the “General Methods".

Mean arter1a1 pressure was determined at rest and dur1ng exercise
by adding 1/3 of the pulse pressure to the diastolic b?ood pressure
which was measured‘by sphygmomanometer. Systemic vascu1ar resistance was
calculated by dividing the mean arterio] pressure by the cardiac output.

‘ :
Echocardfography 'I A , .

Two dimensional and M-mode echocardiograpny recordings neré made on
the same day as the exercise test using a Diasonics Cardio-Vue 3400R
PhasedMArray ultrasonograph. The ventricles were assessed for asynergy
by two dimensionolvechocardiograpNy using parasternal long axis and
tomographic short axis views. Apical 4 and 2 chamber views were also
‘recorded : o ‘ , |

M- mode recordlngs were made from the parasterna] long axis and
parasterna] short axis views at the level of the chordae tendinae to

demonstrate‘1eft‘yentricu1ar wall motion, aortic and mitral va]ve

motion, and chamber sizes. ' T

g Left Ventricular angiography and coronary‘arteriography

Conventiona] left ventricu]ar angiography and coronary
arteriographic stud1es were done during the first 12 months following
~ the acute infarction. Coronary arteriography was performed in multiple

projections by ‘the Judkins method (5).



between groups (10) for the parameters examined (1.e. stroke volume,

from this analySis as were 7 patients who were unable to complete more p

V]

The coronary arteries were graded using the scoring system based
on severity of the disease, adopted by the American Heart Association
(6)‘ In addition, both left ventricular end- diastoiic voiume fndex and

end-systolic volume index were calculated using the area~]ength;method

.

The left ventricu]ar ejectiBn. fraction was measured at rest by
radionuclide ventricuiography'(8,9) on the same day as the exercise

1

test.
a

Statistical Analysis -

A1l group data was expressed as the mean +standard error of' the

mean. A one ‘way analySis offvariance was done to estimate the difference

r
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heart rate, cardiac output, mean arterjal pressure and‘systemic‘vaSCular‘

‘resistance). When the.F ratio demonstrated significance at the 0.05

level, the Fischer Least Significant Difference test was used to

'determine where these differences lay.

Results

Seventy three patients were studied over a nine month period 8-10

'weeks after recovery from a myocardiai infarction During this time, 172

!

patients were admitted to this institution with‘a‘diagnosis of acute '

myocardiai.infarction.'Ninety-nine of.these patients'did‘not retUrn for .

the  follow-up test‘(see Figure 13 for details). Patients (n-27) who were

receiving beta biocking agents at the time of the test were exciuded

'than two stages of exercise.-



The thirty nine remaining patients (35 males and 4 femaies) were g
'studied 8-10 weeks after recovery from their infarctions. The average
age of these patfents was 54.2 + 1.7 years. The mean resting left
“ventricular ejection fraction in this group of patients was 41.9 +v2.3%s
Other relevant c]inicai detai]s of these patients are given in Table |

x‘III Nine normai subjects with a mean age of 49. 8 + 0. 9 years were aiso

' studied

Eiercise Response.in Normal Subjects ,

The nine age-matched controibsubjects exhibitedla mean stroke
voiume of 74 3+6.4 m]/beat and a heart rate of 79 3+4.8 beat/min
while sitting quietiy on the bicycie ergometer in the erect posture The
corresponding mean cardiac output was 5.7 ;‘0.3 i/min. During exercise,
the‘stroke voiume increased.to a maximum value of 107.7 + 5.6 ml/beat at
a heart rate between 110 and 120 beat/min. The stroke voiume then '
»remained unchanged until maximum heart rates and workioads were
’.approached at which time the stroke volume decreased by 2 3+0. 5% in?7
of the 9 individials. The cardiac output and the heart rate continued to"‘
‘:increase until maximum values of 17.2 + 0.7 l/min and. 160 0+ 3.1 |
beat/min were: reached respective]y The work load compieted was 218 +
11W. These observations are comparabie to those reported by Astrand for

: middle aged sedentary individuals (11).

‘ Exercise Response in Cardiac Patients ; > “. ) .
The thirty-nine post infarction patients had a mean heart rate and
'stroke volume of 71. l + 1. 8 beat/min and 58 8 * 2.5 mi/beat respectiveiy

whj}e sitting quietly on the bicycie ergometer in the. upright position.,:t
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In these patients the maximum‘work'ioad achieved was 96.1 + 4 OW and the -
symptom 1imited maximum heart rate was 128.4 + 2. 8 beats/min

' The stroke voiume responses’ during exercise exhibited three '

| distinct patterns in these patients. Fourteen patients (Group A)
exhibited a"normai response. The stroke volume increased during the.
ihitiai phase of exercise (i. e. at heart rates between 70 and 110

ibeat/min) and remained at this maximum value for the duration of the
. exercise. ' I Y

Twenty—fiye.patients exhibited an .abnormal stroke‘uoiume response

}during exercise.'Thirteen of them’(Group;B) increased‘their stroke
‘volumes .during the initia11Workioads but with continuediexercise which“
demanded heart rates greater’than‘iOO beat/min the stroke voiume‘fellfby
more than 15%. This drop: in stroke voiume began at approximateiy 50% of
the maximum external work completed The stroke volume at maximum
exercise in Group B was significantiy Tess than that in Group A patients

(Fig 18).

)
v l

The remaining twe]ve patients (Group C) faiied to- increase the
stroke voiumes significantiy during exerCise (i e._stroke voiume 'p
increased by iess than 30% above resting vaiue) One patient in this
group exhibited a decrease in stroke voiume with the commencement of ' |
exercise. Further anainis of the data from the thirty nine patients was
based upon this initial classification based upon stroke voiume f '

‘responses.
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Comparison of the Exercise Response Between Groups A B and C (Fig
19,20,21,22). | . L

| Patients in Group ‘A showed increases in heart rate, stqpke volume .
and cardiac output in a manner similar to the normal contro]s The
<hanges: in the mean arteriai pressure were aiso similar, while the
caiculated'systemic vascularfresistance wa$ higher at;rest'in the
patient subsets than‘in'the normal controls (Fig 21,22). The.patientsﬁin
Group B‘showed comparabie changes in heart rate, stroke vo1ume and o
| cardiac output untii a 1oad of 70W was compieted At hlgher work]oads
the cardiac outputs and stroke voiumes ‘tended to be 1ower whi]e the
heart rates were higher in Group B than in Group A patients (Fig ‘
18 19 20) The‘mean arterial pressure in Group;B patients‘was . o
: significantiy‘higher’than‘in‘Group,A both at rest and during exercise‘

(Fig 21). ThUS‘ in Groupo the peripheral vascular resistance was

. increased both at rest and during exercise when. compared to Group A

N

patients (Fig 22)
' The" patients in Group C had a significantly higher mean heart rate ;',WQi

throughout exercise than the Group A patients (Fig 19) However since

)

the mean stroke voiume in these patients was unchanged compared with the

'

‘ resting vaiues the cardiac output remained consistently 1ower than was

the case in the other 'Vups studied for all levels of exercise. The o
mean arterial pressure in the Group C patients was simi]ar to that of .
the patients in Group A while at rest but was eon51stentiy higher during o

‘ exercise. The caicuiated periphera] resistance was increased only during v .

exercise. These findings are summarized in Figure 19, 20 21 and 22.



Correlation of‘the_stroke volume c]assificatfon with e]1n1ca] data
‘The clinical data 1n‘these 39 patdents‘revealed no differences'{n
age ejection fraction measured at rest or the peak p1asma creat1ne
k1nase at’ the time of infarction between the Groups (Table III) .
Patients in Group C compTeted a 1ower workload than pattents in the .
other two groups however ‘the convent1ona1 end~points for the exercise o
.tests were not s1gn1f1cant]y d1fferent 1n the three Groups (Tab]e III)
More patlents in Group B and C had a previous history of myocard1al N 1 },:‘
‘1nfarct1on or ang1na than dld Group A patients (Tab]e IV) | -
‘Echocard1ograph1c stud1es completed on the same day as the exercjse
test\indicated thatn25 patients ot.the total'study“oroup (n=39) had |
evidence of an inferior wa]] infarction. Eight of these 25'patients .f

)

’exh1b1ted asynergy of the left ventricu]ar 1nfer1or wal] only and of the
8 patlents 4 exhlblted norma] stroke voTume responses during exercise |
(Group A). The rema1n1ng 17 patients w1th inferior wall infarction had
ev1dence of right ventr1cu1ar lnvo]vement Fourteen of these patients. . =
‘exhibIted abnormal stroke volume responses to exercise and were
consequent]y C]aSSIfied 1nto Group B (n-7) or Group C (n 7) (Table IV)
o A retrospect1ve ana]ysis was comp]eted 1n 26 of tne 39 patients in:
vthe‘study group who had undergone ventr1cu1ar angiography and coronary
farterlography w1th1n the first year fo]lowing the acute event. The score
'for the sever1ty of | the coronary lesions was lower in: Group A than 1n;~
‘the other 2. patient subsets wlth the score for Group C be1ng |
significant]y higher than that for Group A. Left ventricu]ar

‘end diastolic and end systol1c volume 1ndices were also greater in -
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Groups B and C than in Group A with the end diastolic volume index

difference between Group A and C reaching 51gnificance (Table IV)

‘biscussionf

| lhisvstudy was undertaken to'examine‘the‘changes‘in,stroke volume
observed during upright exercise in patients rchvering;from m¥QCardial ‘
‘infarction.‘All the patients examined had recovered from' a myocardial
infarttion 8-10 weeks previously and had undergone a low level exercise
- test before discharge from‘hospital approximately 10 days atter,the

1

. acute episode, Patients who exhibited overt cardiac failure significant ("
arrhythmias persistent hypotension or unstable angina at the time of ‘
‘Idischarge from the hospital were excluded from the study (Fig 17) (11).
\\Vhese exclusions ensured that the patients studied were those in the New
York Heart Association Classes I and I1I and hence had a relatively good
prognosis (12). | | .
' Within this homogenous group of relatively Tow risk patients there
was a significant number of patients who deviated from the normal |
response in terms of the ‘changes in stroke volume during upright
‘exercise. Approximately 38% of the patients yielded curves 51milar to
)those of normal individuals The responses in the remaining 62% were .
‘abnormal l | :. R M_‘* R n;'1'7 : vfﬂﬁ B , | HAMWA;,»"
' In patients recovering from myocardial infarctions; abnormalities _"
in the stroke volume responses induced by upright exercise may result
' from a number factors. These include i) the extent and location of the,fh

'damaged myocardium ii) the severity of the underlying coronary artery[

fdisease, iii) the residual function of the myocardium and iv)
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neurohumora) adjustments to exercise. In addition, \the severity of the/"
/
exercise undertaken and the overall degree of physical conditioning may

\

_.also play a.part. L ,' T NS
Left ventricuiar infarctions were distributed equally betueen theSev

three groups tTabTe 111 andiiV),SHowever, the‘possible‘influence,of the
right ventric]e on Teft ventricuiar function is of interest in thev |
present investigation It has been demonstrated in man that right
ventricular 1nfarction occurring in conjunction with an acute 1nferior
wall 1nfarction may result in a low, cardiac output associated with
eievated right ventricuiar fi]iing préssures (13). Subsequent studies'1n“
animais with similar infarcts have suggested that the pericardium
together w1th a 1eftward septal shift may 11mit left ventricular filling
due to a reversa] of the transsepta] pressure gradient (14) n the

" present investigation 17 of the 25 patients with inferior wall ‘

~ infarction had ev1dence of right ventricuiar invo]vement on
echocardiography and 14 of these patients exhibited an abnormal stroke
‘volume response and ‘were c]assified 1nto Group B or C Only 3 of the 17

| patients exhibited a norma] stroke vo]ume profiie during exercise and

- \\A_

.were therefore p]aced in Group A (Table IV)

Af ‘ ,,twhen conSIdering the severity of the under]ying coronary artery \\\\

(

gn%‘kisease and the re51dua1 function of the myocardium it becomes apparent

that there is trend toward more extensive lesions and more severe left

)/T'/\

r‘_ventricular dysfunction in Groups B and C compared with Group A the
'r comparison between Group A and Group c reaching significance (Table 1v).
Re51dual left ventricular function foi]owing myocardia] 1nfarction

can be evaluated by assessing the determinants of . stroke voiume. As the



‘venous return increases during upright exercise in normal SubJects the

‘concurrent increase in stroke volume cou]d be viewed as a uti]ization of'

the stroke Xoiume reserve, resulting from a combination of the Starling
mechanisn;‘an increase 1n the contractile state and a reduction in
,peripherai vascuﬂar resistance (15). Ip patients an abnormal stroke
voiume response couid occur due to exhaustion of these mechanisms. For
exampie when the Starling mechanism is exhausted and the 1notropic
response s 1im1ted, stroke voiume becomes very sensitive to after}oad
(16). It. appears that Group C patients who are iikeiy to have more.
severe’ ventricuiar dysfunction are at the 1imit of their stroke volume
reserve while at rest, and therefore are unable to 1ncrease it with |

——

exercise. In Group B patients, the point at which the stroke-vo]une"

reserve 1s exhausted is at a load which requires a heart rate of greater

than 100-105 beat/min. ' | .
Possible Role of the Neurohumora] Responses to Exercise

2 ‘The studies of Kaufman et al (17, 18 ,19) have indicated that the

ST

[

"affenent information conveyed by Group II1 and Group IV muscie afferent .

nerve fibers respond to metabolites accumuiating in exercising muscie.
It is thought that this afferent information influences the centra]

"command in the”neurai reguiation of the circulation during exercise

(20). The consequence ‘of this input wouid be to increase the sympathetic

4

'drive to the heart and the biood vesseis The former would serve to
increase the rate of the heart whiie the latter wou]d tend to produce:
_'vasoconstriction and hence an increase in vascular resistance in the

"non-exercising regions.
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At the submaxima] levels of exercise examined in this stuqy,
the cardiac output 1s maintained at an appr0pr1ate level in nqrmal
subjects and Group A patients by 1ncreaslng poth heart rate and
stroke volume. HOwever the Group. C patients ‘exhibit poor
ventricu1ar function and are unable to 1ncrease stroke vo]ume
during exerciseA when the cardiac output fails to rise
‘appropriate1y; the afferent information from the exerc1s1ng musc]e"
~tends to 1ncrease the heart rate'and enhancé .the synpathet1c drive
to . the perjphery resu]t1n9 in an nncrease in arterja]
pressure dur1ng exercise and a relative 1nonease in per]phera]
resistance, The ephanced sympathet1c drive to the non~ exercis1ng
tissues would tend to shunt a greater pr0port1on of the cardiac
output into the exerc1s1ng musc1es (21)." 7

The situation in the pat1ents 1n Group' B could be examined fn
a similar fashion' The left ventric]e is capable 1nit1a11y of
increasing the stroke vo1ume but at workloads greater ‘than 7ON

.the stroke vo]ume decreases. This observat1on cou]d well be due to
‘the onset of stlent 1schem1a (22 23) Also, in pat1ents w1th ﬁ
infer1or 1nfarct10n 1nvo1v1ng the right ventricle, ‘the’ septum may
encroach upon the lTumen of the left ventr1c1e comprom1sing its
filllng at these 1eve1s of exerctse (24). Regardless of the g
mechani.sm, when the stroke volume ' reserve is exceeded the' cardiaCu -

output fa11s. At th1s stage patients could 1ncrease the heart ‘
rate by reflexes mediated by Group II and IV afferent fibers It
’fact the heart rate appeared to increase at 1oads of 90w and

greater in the patients in Group' B.
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Gsbgp vaatients exhibit a significantly higher vascutar‘
resistance both at resf‘and during gfaded éxercise than the normal
subjects and Group A patients (Fig 22) The enhanced vascular
resistance may be exp]ained by the same mechanism postu]ated in
Group C during exercise, However, it 1s possible that the higher
vascular resistance at rest and during exercise in these‘patients
may be mediated by neurohumoral mechani sms (ZS)f Cardiopulmonary
regeptors with unmyelinated vagél afferent fibers appear to éxert,

a ton1c=1nh1D1tory 1nf]uencgvgn'ber1phera1 sympathetic nerve

act1v1ty,'therefore on the” .ﬁ'ria1 pressure and vascular
resistance Remova] of this 1nf]uence by 1nfarction may resu]t in
an increased sympathgtic outflow which can lead™to changes in the
arterial pfessuré and the re]eése of renin and vasopressin
(25,26). | |

The results of the present study 1nd1céte thét all pstients
in a pérticu]ar functiona1'c1ass do not make tﬁe same adjustments

to graded upright ‘exercise. Further, the construction of the

-neérq rate profiles could be of value in planning ¢

'further mgnagement aﬁd~as‘a,prognost1c indicator for asymptomatic
pdst infagction patients. In additipn,'it 1s'suggeste& that
ventricular functlon should be taken into conSIderation when
planning tra1n1ng regimes (27) and when afterload reducing
therapies are coﬁtemp1ated Further study is required to de]lneate
theﬂneura} gnd humora] adjustments which may be present within arid
bgtweEnithese gréups who exhibit abnormal ventricular function

during exercise. S S
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FAGLL 111 .

CUINICAL DATA

»

SRove. A GROUP. arovP ¢
N~ 14 Noa 13 No~a2
AGE ' . 55.612.0 53,9124 52.913,7 '
RESTING EFN 43,523.7 42,323,1 43,5135
LOCATION I (£CG)Z ' ’
ANTER10R N~6(43%) N~4(31%) N3(25%)
INFERIOR ; NﬂM(S?l)‘  ne9(69%) “:N-8167;)
suBgEnp3 . - N~ (813-
W . v
PLAK CKA ' 104201348 166911245 1612,91278
NORRIS INDEX5S 3.42,1 3,8%,7 2.7%.5
i ﬂ
EXERCISE DATA' : ;! I,
MAX WORKLOAD 99.318.0 102,315.8 85.015.0" | ¥
ABNORMAL 8.P. N=0 N=3(233) Ne3(251) J

L

ISCHAEMIAS 7 Ne3(21.47)  N=3(23.0%)  N=6(501)

1 Ejection Fraction Measured By Radionuclide Ventriculography (8,9)

\

2 ' Electrocardiography
3 Subendocardial Infarction ' o .
4  ‘Peak Creatine Kinase {fu/1)

5  Norris Index (Ref. 28)

6 ECG ST segment depression of > lmm

. : ' \
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- ‘ | TABLE ¥

CLINICAL DATA

‘ GROUP A GROUP B GROUP C
n~14 n~i3 n~i2

nmo}, of M1 . . A A \
History of Angina » 3 months A 6 A
History of Hypertension 1 . 3 b .
History of Smokipg ‘ 9 13 1

- .
Location Ml {(Echo) . } ‘ oo

Ant. 6 3 3

Ant, & Inf. 1 )

Inferfor Wall Without RY* 4 3 o ’

Inferfor Wa)l wi{th Rv* 3 7 ‘ 7

No asynergy 1 . )

QATA FROM ANG1OGRAPHY

——— p<0.05 —————
***Score for Coronary Lesions 46.2:211.3 63.1t12,.9 72.4110.7

' a
r——————f——p<0:05-———~—————j
£nd-Ofastolic Volume Index (mi/ml) 89.5t7.4 96.7t13.6 111.125.8

End-Systolic Volume lndex (m1/m) 40.926.6 45.1%11.7 57.619.0

* RV=Right ventricle involvement

"~ *+ Patient exhibited evidence of LVH

*** Ad Hoc committee of the American Heart Association 1973 (6)

-



Figure 17
REASONS FOR PATIENT EXCLUSION FROM THE INVESTIGATION:

Distribution of patients in study.

The numbers of patients in each category are given in parenthesis.
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Figure 18 ‘
,STROKE VOLUME HEART RATE RESPONSE IN POST INFARCTION PATIENTS AND THE

CONTROL GROUP:; Changes in stroke volume and heart rate in post
myocardial infarctjon patlénts and normal sedentary subjects‘during‘
‘graded upright‘eéércisg.onvé bicycle ergometef. Ordinate: stroke
volume (m1/beat) absqissa~‘ heart raté (beat/min). The. post 1nfarqtion
pqtients exhiDIted three patterns of changes in stroke volume (Norma]

subjects: n=9; Group Az n=14; Group B: n=13; Group C: n=12). The
yva]ues shown are mean + SEM and each point is derived from the

coordtnates for the work]oads def1ned in the prococo]
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Figure 19

. HEART RATE DURING EXERCISE IN POST INFARCTION PATIENTS AND THE CONTROL
GROUP The heart rate response during upright graded exercise on the
b1cyc1e ergometer in normaT sedentary subjects and post 1nfarction |
patxents who were classified into Groups A, B and C. Qrdinate: heart

" rate (beat/mln) absclssa: workload (watt) Va1ues shOwn are'méan f” '
SEM, At 70w the heart rate was sign1f1cant1y higher in Group C (1? than
- in A and B (p<0 01) At 90w the heart rate . in both Groups B and C (*)

were greater than' that in A (p<0 05).

W
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Figure 20" ‘
CARDIAC OUTPUT RESPONSE DURING" EXERCISE AN POST INFARCTION PATIENTS AND
(THE CONTROL GROUP _ The cardiac output response during upright graded
eXerc1se on the bicyc]e ergometer in norma1 sedentany subjects and post
1nfarct1on pat1ents who were: c]assifled into Groups A B and C r

‘ Ordinate card1ac output (l/min), abscissa work]oad (watt)‘ VaTues ”
shown ane mean + SEM. At SON (*) the 70W (T) the cardiac outputs were
s1gn1ficantly lower in Group C than 1n A and B (p<0 05 and <0.01

' respectlve]y) At 90W the cardiac outputs in both Groups B and C (* )

were 519n1f1cant]y lower than: that in A (p<0 05).



otr 06
L

L

- 06

 (uem) peoptiom -

.. 0L %€
L

ysey

dr .

109[qQng [BULION v

 odnoin ¢
g dnoio e
-y dnoio =

LI

"o w. o
™ ’ "> o ’

N

() inding oeipiey



MEAN ARTERIAL PRESSURE DURING EXERCISE IN POST INFARCTION PATIENTS AND
THE CONTROL‘GROU?: The mean arterial preisufe response during upright
graded exercise on the bicycle ergometer in normal sedentary szjects !
and post infarction patients who were classified 1nto_Groups A,~B andhC.'
Ordinate: ‘mean‘arterja] preésucg (mm Hg); absc{ssa: workload (watt).l"
Va]ue; éhown are méah;: SEM; AtASON (*),‘70N k*) andl90W(*) the mean
. arterial préssures were gignificantly'greater in Group B than in A

(p<0.05). S ) . |
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SYSTEMIC VASCULAR RESISTANCE DURING EXERCISE IN POST INFARCTION PATIENTS
AND THE CONTROL GROUP: The systemic vascujar resistance response during
uprignt graded exercise on=the}bicyc1e‘ergometer In norma) sedéntéry
subjects anq post infarction patients’ who were classified 1ﬁto Groups A;
B and C. Ordinate: vascular resistance (mm Hg/l/m1n) ‘abscissa;
work?oad (watt)., Values shown are mean + SEM . At rest all three.groups
© had a n1gher vascu?ar re51stance than the normal subjects and tahe
va]ues in. B (*) were greater than that in A and C (p<0 OS) At 50W, 70N

~

and 90W the’ vanues in Groups B (*) and ¢ (*) were s19n1f1cant]y higher

L}

~ than those’ 1n Group A and the norma] subJects At l10 W Group B was

, sign1f1cant1y higher that the va]ue in Group A and the norma] subJects. ‘
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CHAPTER VI

GENERAL DISCUSSION AND CONCLUSIONS

The results from this series of investigations indicates that
impedance cardiography provides a simple and reliable means of obtaining
‘repeated hemodynamic data during maximal and submaximal upright exercise

in both'normai subjects and in patients with known coronary?artery

.disease. In addition, changes in stroke voiume”can be easily and quick]y
determined throughout the‘exercise period with little discomfort to the
patient. In the: present series of studies,,sequegtiai measurements were
obtained during a single exercise test which permitted the construction
of curves relating stroke voiume to heart rate This information may be

usefui in determining prognosis for indiv1duai patients and for

prescribing appropriate long term, therapy in patients with coronary

Y

jartery disease. R | . ]a

g The conventionai methods of assessing ventricuiar function
non-invasiveiy are radionciide scintigraphy (1,2) and echocardiography

(3}. Gated radionuclide ventriculography cou]d be used to generate
' .

sequentiai data during exercise simiTar to that obtained using impedance”

cardiography, however it is cumbersome and expensive. While .

radionuclide studies are usuaily performed.in the semi recumbent |

5

osition, echocarﬂiography can be done in the upright po ture.
gchocardiography is'a technique that requires a con51der le degree of
technicai expertise and expensive equipment. Both these techniques “

hibit a random error for stroke volume during rest and exercise that -

L

. ot . . ' ) . . X - . . .
de. ) . s . . - e o ) , . . - A
R RE RN . ) ) - . S . Ceoaa - : N . L
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“ s comparabie to that of impedance cardiography (3). However therelare

no reported studies in which either of these techniques were compared ‘to

T a standard technique such as the direct Fick method during graded ‘

upright exercise. Impedance cardiography is a simpie method compared to .

other non-invasive techniques for assessing stroke volume during |
\ tiis

'exercise. In addition it 1s’ less expensive and is as re]iable as these

other methods. . . o : "

- B S Y -
This series of studies aiso lndicates that al] asymptomatic
patlents who have suffered a prevtous myﬁrardial infarction do not

respond to upright graded exerc1se in an identlcal ‘manner. About 60-70%

4 .

5
of this patient p0puiation exhibit an abnormal stroke volime response
which is magifested only during exercise. ’Nhetﬁer'identification of 1eft3

ventricuiar dysfunction during exercise as defined in this study ; is of L
clinical importance is yet unknown T . f‘ - B

-~

Thus, future research-questions needed to investigate the clinical

appiicatién of the present findings are~' i

3
g Is the stroke voiume heart rate reiationship determined during

‘graded exercise of prognostic va}ue? ,

"

2. Are the stroke volume- heart rate. curves usefui in p]anning therapy
in patients who have suffered a previous infarction? L s r_‘("'*%

3. Can these stroke voiume heart rate curves be used to mohitor drug
. R ) . . . QS‘ . :‘.“
| theggpy? C ',,, coT - g Ry SRS L
4. Do chaﬂges in the stroke voiume during exercise as measured hy .

; impedance cardiography compare favorably with other ciinica]iy accepted e

¥ i A

methods of determining ventr\cuiar volumes’
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5.  What are the humoral and neural mechanisms underlying the 3 patient:
supéets‘delfneated in the studies described here?-
" 6. Does the ventricular funcfion as determined by impedance

cardiography predict the coronary anatomy?

7.° 'In a prospective study of patients with an infarction of ‘the left

inferior wall in addition to right ventricular involvement, do patients

,_.éxnibit an abnormal stroke volume response during graded upright

. o

exercise?
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