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ABSTRACT
C 9 T e . : . v e

ThiS' series‘ of studies was undertaken to determine the
. !

fea31bility‘ of hydraulic circuit training :(HCT) s - an alternate

- -

- - -

training mode in cardiac rehabilitation, Prior to investigating the

ifl ”éfreats' of ZHCT in patienf‘“grecovering from coronary artery bypass

K “‘,surgery l(CABS)- he . acute cardiovascular (CV) response. to isoélnetlc

exercises " (ISOK EX), was assessed in 5 healthy male subjects who

4‘.4

performed unllateral knee and = elbow extension/flEQion/ exercises

A B (ELBOW), at _veloc1t1es of,' 0.52;?>ll57h and 2 62 rad snl. In
response to knee extension/flexion exercises (KNEE) HR,_CO and mean
S 4 N >

arterial pressure (MAP) increased (p<0.0l). The CO and MAP responses

were not influenced by the exercise velocityl The changes in HR and

MAP observed during the’ ELBOW were qualitatively simllar to those

seen during the KNEE but the actual changes were smaller Results
‘ L

suggest that, during ISOK EX the increase in HR and MAP is related to

the active muscle mass and independent ‘of the exercise veloc1ty.

_ The effects of HCT on CV function was thenﬁaSSessed in 32l

healthy middle-aged males. Twenty-four men were randomly assigned to

s oA

a control (CG) or one of two HCT- groups. . Both HCT groups

)

participated in an 8 week training program. One HCTﬁiroup (HCTmax

"f.completed the maximal number of repetitions possible (RM) during'each
.20s work interval. The other HCT group (HCT, ) completed 70-85%
- of RM for each work interval. Results were compared Qith;S men wno

completed a cycle training program. Following training VO, max was



LI

increased, 1in ali ttraihing groups (p<0.05). The inc;éase Iwas

associated with increases win maximdl SV and CO (p<0.03). The CV .

adaptatibng achieved 1in <the HCT
i ;

.o - 2
sub Broup were associated with a

lower training HR, and rate presSure product (p<0.05).. These finding

suggest that HCT_, 1is effective  in improving maximélfaerobic power

at a reduced CV stress. ) Y
s S

b

The effe:t of HCT was then assessed in 18 CABS pafien;s. Twelve

patients were ndomly assigned to either 8 wgeks of cycling or HCT.
Their resul were = compared with 6 patients who served as a
non-exercising) control group. Post-training; the cycle ‘and HCT

]

groups QEmohstrated a similar increase in VOZ max (p<0.05). This

increase was associate&swith increases in maximal SV, and CO, with a

—

relative bradycardia at submaximal workloads. Results suggest that

HCT may be a viable training modality for CABS patients who can only
\ ( -
tolerater a limited amount of cardiovascular stress.
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CHAPTER 1
INTRODUCTION

r

., From the viewpoint og&the World Health Organization, the primarv
‘objecﬁive of ;ardfac rehabilitation is to prepare the i;dividual for
a‘ return‘ to'an optimal physical, vocational, and recreational status
(11). Over g%e past 30 years exerci;e training has gained widespread

'

acceptance as an integral component of this rehabilitative process.
Conventionai trainigg_ programs are aerobic in nature';nd'incorporate
activites such as walking, joggygg and éycling. While there is
little doubt tﬁag aerobic train'ﬂg will _ enhance systemic oxygen
uotake - (2,17), such training recipitétes large increases in heart
rate and blood pressure, thereby placing heavy demands on the central
circulation. Patiegts with- more severe disease are less ;ble to
tolerate vigorous aerobic exercise because of symptoms. Moreover,
these patients are at- risk of ischemia-induced arrhythmias while
engaging in. aerobic type activities of intensity sufficient‘ to
produce central and peripheral training effects seen in -healthy
individuals (3). ' .
Y

For an exercise training program to be both safe and effective
for these cardiac patients the regimen should’'incorporate interval
‘traihing whicﬁ focuses on smaller muscle masses and relatively high
intensities. - Such a program may achieve the peripheral adaptations
asséciétéd with training while, at ‘the same time, avoiding the heévy

q

sustained demands on the central circulagtion associated with aerobic
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exercise?. A regimen which may meet these reqﬁ%gements is a circuit

training 'program utilizing hydrau}ic resistance equipment. There are
several practical advantages to hydraulic circuit training. First,
the equipment is capable. of 1o§hpower outputs with smaller muscle
groups, which should 1limit the demand for an increase in myocardial
oxygen uptake during .the actual exercise. Second, hydraulic
resistance devices work the agonist and .éntégqnist muscle groups
concurrently, and accommodate to the force produced over the range of

motion, thus optimizing both exercise time and intensity. Another

’

advantage of hydraulic reg;sgizii‘ devices, over more conventional
free weights and pully systems,™ Yelates to thg exercise“skill
requirement. Hydraulic reskstance devices . are passivél thus
‘mini@izing the risk of muscular and joint strain which can resul:
‘from efforts to control ;; applied force (such as lifting or lowering
a welght). Finally hydraulic circuit t;aining is performed in an
interval fashion, so as to attenuate the need for a susraineﬁ3§£ress
on the cardiovascular system. i

The nature of occupational stresses, and »  zbsence of
significant cardiovascular and metabolic crossov-:r . ffect wiﬂf
aerobic training (9) suggests a practical benefiz to hydraulic
circuit training in cardiac rehabilitation. Studies of a large
number of subjects in a variety of océupa;ions,indicate that the
physical stresses of occupational energy expenditure are usually low,
involving  submaximal muscular effglt of brief duration (i.e.

intermittent and not continuous). These early studies (7,8) revealed

that the major muscle groups of the upper extremeties, rather than
: i ,



. &
the lower extremeties, are called upon extensively, and that few
occupations required sustained walking or jogging (9): Thus, factors

c

other than aerobic  energy expeﬁditure constitute the major

s

occupational stresses.
, Based Upon a need to maintain or improve muscular strength and

’ s . . . ®
endurance, an examination of hydraulic circuit training as component

of cardiac rehabilitation ig warranted. Traditionally, muscular -

N

strengfh ahd endur;%cer exercises were not iﬁcluded in cardiace °
rehabilitation, because it was felt that they produce ischemic
changes and increased myocardial irritability (1). However, -
subsequent investigations have been unable. to corroberate these
eariier results (4,16,19,20). Moreover, recent studies have
demonstraéed the relative safety of weight carrying ~and circuit
welight training in selected cardiac patients (16,18,21). | The
significant - increase in blood pressure usualiy associated with
strength training exercises appears to be a function of the muscle
-mass and . neural innervation, rather than a question of the nature of
the exercise (14,15). Further, a coAQOmitant valsalva.maneuver may
I
actually "account for a significant portion of the increased blood
pressure qually associated with strength training exercises (12).
Hydraulic circuit training has some merit for coronary patients

h i

who want to return to occupations requiring moderate manual labor or
Q [w] . . :
frequent lifting. An individual whose vocational and avocational

Y

activities 1involves mostly upper Body muscular exertion should train

those muscle gréups, with the -expectation that the cardiovascular

stress assoclated with these activities will be reduced following
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training (6,9).

In addition to the "clinical interests of hydf:ulic circuit
training, it 1is also of physiological interest to evaluate to what .
extent cardiovascular -parameters can be altered by training which
does not produce sustained.cehtral circulatory loading. Preliminary'
studies .in healthy subjects shoula Be carried out to evaluafe both
the practical and pﬁysiplogical -aspects of hydrauiic circuit
vtraining. \

Thus the pufpose of thehpreSent study'was to:

1. Investigate the cardiac output and blood pressure changes
associated with,maxiéal'isokinetié exercise.

2. Td determine whether a circuit training program using ﬁydraulic
resistance equ&pment will enhance theAméximal aerobic power of
previoﬁsly untrained middle-aged‘mén. .

3. To document the hear; r;te and cardiac output response of a grbup
of post coronary artety-bypass surgery patié;ts to maximal
hydraulic resistance ;Xercise. |

4. To examine the -efficacy of a hydraulic circuit training program on

.the maximal aerobic power of post coronar; arteryfbypass surgery

3
patients.
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CHAPTER 2

GENERAL METHODS \
. ) N

Measurement of Stroke Volume and Cardiac Qutput

N
In this series of investigations, stroke volume and cardiac

output were measured using the Minnesota Impedance Cardiograph Model

304A (Surcom Inc., Minneapolis). Impedance Cardiography 1is a

~

non-invasive, atraumatic method of measufing heart rate, ~str6ke
voiume and con;equgntly .gardiac output. The'technique involves the
placgment of four electrode bands around the neck and thorax. A weak
frequehcy alternating current: is passed though the outer two
» : .

electrodes. The constant alternating current is so weak that it is
imperceptible to the subject and the frequency is so high it is
incapable of stimulaﬁigg the heart (7).

The wuse of this technique has been validated in this laboratory
for endurance trained young male subjects and carddac patients, both
at rest and:during- exercise (4,15). Thg systeﬁic—efror of the
technique was ;Yassessed over the range 3!5 to 18 1'min"} by
comparing with siﬁaltaneous measurements of cardiac output made using
the direct Fick method. No sysxeﬁic error was demonstrated in 40
estimations made in 20 subjects (4). The random error, assessed at
rest and during steady state exercise was less than 51. The
reproducibilicy of the maximal exercise response was assessed in

subjects who underwent 2 maximal exercise tests one week apart.

Highly significant correlations were obtained for bdfh,sq;oke volume

[V
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o . S
(r = 0.84, p<0.001) and cardiac output (r -:0.98, p<0.001) betwggg\\j

the 2 tests (15). n | o

Procedure. On thevday of the inyestigation the subjects geporteq to
Fbe 1aboratory; in a fasting state. The fo&f~baﬁds of self-adhesive
- disposable mylar-backed aluminum electrode\ tape were plaéed.aréund
the neck and chest 30 minutes before comm;ncement of the study. Two
bands were placed around the neck, 3 to 5 cm apart, the third around
the trunk at the lgvel of the xiphisternum and the fourth at a level
_Just above the umbilicus. When connec;ed the two outer electrodes
transmitted a constant ’sinusoidal alternating current (4 ma’RMS and
100  KHz) through the thorax apd the changes 1In -transthoracic
electrical iﬁpedance ‘were detected by the inner two electrodes (Fig.
2.1A). Mean total transthoracic impedance between the inner
electrode§ (Z,) was co;puted by, .and displayed on the’ Impedance
Cardiograph. Si#ulganeous recordings of the rate of changg of
impedance through each phase of the cardiac cycle (dZ/dt), the
electrocardiogram and phogocardiogram were made on a 4 ct.annel ink
recorder at, a paper speed of SO'mm‘s'l (Model 2400S, Gould Inc,,

Cleveland). The heart rate, dZ/dt and left ventricular

min’

ejection time, were obtained from the recordings as shown in Fig

2.1B. Calculations of stroke volume was made/usin, the following
. \ A

)

equation (8):

Stroke Volume = P x L2

x dz/de ;o x T
” —

Zo

where
® €

P « electrical resistivity of blood at body temperature



/7/4>'\‘ " T - ‘ i . . 9

(P = 53.2¢0:V ) (3, \ ‘
H -‘hematécfit (Z),~> . g
L - average_di%tance.(cm) between the inner pai; of electrodes
measured at the anteriof and postenigr>midline,
Zy - meén'trgnsphoragic impedance (ohms) between the inner two
electrodes, T

A4

- minimum value for the rate of change of impedance (ohmsy
' a

occuring during the cardiac cycle,

- dZ/deg

T - left ventricular ejection time (s).

o <

e. )It was found

»

. [ . .

Recordings were made at rest and during exerc =
that movement caused by respiration and exercise introduced artifacts
into the recordings. These artifiacts were avoided by requesting the

. —\
subjects to stop all movement, ~remain motionless and hold their.

. -
breath at normal end-expiration for approximately 5s, while 5 to 10
cardiac cycles were recorded. An average of 5 cardiac cycles were
" used for the calculation of st?dﬁ?‘ volume. The hematocrit was

measured from blood samples drawn from an antecubital vein

immediately following each ~ecording.

Assesssment of Maximal Aercbic Power /[

: ~
P (
Maximal aerobic power « ; assessed by measufing the maximum

oxygen Iuptake (VO, 'max) achieved during a Graded Exercise Test
L -

(GXT) on a bicycle ergomgter\;(godel 740, Siemang'Electric Led., .

Missassuaga) in the wupright position. All subjects came to the

lagtratory in a fasting state and were familiar with the appar:tus

N ‘ . 3 3 .
prior to the assessment. Unless ,otherwise indicated the ipisial
. . R

workload was 30 watts with 20 watts inecrements every three minutes.

-
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The VO, was measyred at each workloéd sing - awi%ontinuous flow
technique ‘(1). Tﬁe highést:VOZ attained during the GXT was recofded
as VO, max. Blood pressure- was ‘measuréd using q%; merigky
séhygﬁomanometér at rest and'at“fﬁ? end ofothe second minute of each
wo;kload during tth'GXT: AIiZ-lead elec;rogardiogfam was monitored
:continuously.:thosghoug the GXT. Thei%XT continue& until one or more
of the following end pointsb was achieved: a 1eveiing 6ff of, or
decreése in VO, with increasing \workloadé; attainment of 90% age
‘predicted maximal' heart rate; chest pain; electrocardiograp‘[ﬁ
{ ST-segment changes qompatible wiFh ischemia (i.e. >2mm depression)\ﬁ |

t

. LY ) -
ventricular arrythmias during exercise (i.e. PVC>10/min, multifocal °

RN - v

PVC’'s, couplets or ventricular tachycardia); an abnormal drop in
blood pressure, or a failure of the blood pressure to increases over

1 , : ‘ :
three consecutive workloads; volitional exhaustion (Borg scale

<

reading >l8);"dizziness; or shortness of breath (T&T.

e

A Cybex 1II Isokinetic dyﬁ.

L

eter (Lumex, Inc.! Ronokonkoma, New

York) equipped with a
i 4

channel recorder was used to measure
muscular strength and endurance. The isokinetic dynamometer allows \\\;

. hd

voluntary contractions to be made at various pre-determined constant’

velocities ré&ardless of the magnitude of the forces generated Ry the
N ,

\

L3

participating muscles (11). Acceleration occurs ntcil cthe
pre-determined Qelocity is achieved by the exercisiﬁg limb. Once

“this velocity 1is reached, the isokinetic aéparatus resists further
N .

acceleration and the excess force applied by the subject.to the lever

[
>

arm of the dynamometer 1is recorded as torque (5). Moffroid et al -

-
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*- w4 A
o

(10), and - Thorstehssea et al (16) have reported reliability
. . ; . ‘ .

v

coefficients for torque outputs as high as ¢.995 'and wvalidity

coeffictents between predicted and obtained power of 0.990. To

ensure constant velocity of the lever arm thoughout the entire range
’ . |

of motion, a reliability correlation of 0.985 was reported for 32

. points on generated torque curves (10). .
Procedure. Measurements weréA_¢ade during a series of maximal
! \ I3 * . . .
extension/flexion exercises. The subjects were familarized with the
A S

system, and the'requiréd limb actions prior to the assessments. Limb
o ) o

' alignment and stabilization procedures were standardﬁ;;é for each

i ~
test (2)3, * In order to minimize artifactual torques, or the torque

"overshoot" the first exéension and flexion torques from each series
were omitted fréom the results, and an optimgl damping setting of 2 on
)

the fybex 11 chart recorder was used (13). Musgular strength was
v . ’ (‘

defined as the peak torque (N'm) recorded during a given exercise.
: , . B &

The assessment of muscular strength was completed at’ two veloci ~=s,

- L
lEOS? and 3.14 rad's'l. Muscular endurance was defined as the

total work uaccummulated (eXpressed in kilojoules, kJ) over three 20s

bout of maximal exercis@ at 3.14 rad's'l, and was estimated by

*

o .

calculating the éverage torque (the area under the torque curve, in

N'm's'1

. \
multiplying it by the angulét"displacement (rads) 212). {n all chges

the 1.05 rad's’!

test "was COndqcted first, with a minimum 5
1 \V

minute recovery intervil before the 3.14 rad's = test.

Hydraulic Resistance Exercise s

For the circuit training programs the subjects exercised on’

divided\ by the contraction time, . in_s) and then

'3
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devices that provided ;esistan&e from variable hydraulic cylinders
»(Hzgra—Fitness Canada Ltd., Sherwood Park Albe;ta).; These hydraulic‘
cylinders allow both >va;iabig speed ah%iggsitance‘qve; the range of
'"motién (95. An important design feature 6f chis’equipment is that.ic
permits‘Aconcentric-o;ly exercise for thei agonist and antagbnist

muscle groups during completion of a given movement. The resistance

to movement cdn be fggulated by selecting one of six valve settings

on the machine. These setﬁings correspond to six orifié%ﬂsiies

. ‘ LY . ’

" though which the hydraulic fluid passes. The diamefer of the
3 9 . s :

orfﬁgces vary from 0.076 mm (setting 1) to 0.031 mm (se;ninglﬁ) (6).

For the preseht fnyestigations, hydraulic resistance equipment
was 1incorporated into a cfrcuit training program whereiaffg; subjects

performed three sets of each exercise, with 20s work intervals and a

1:2 work:relief interval. -Whenever possible the exercises were

ordered so as.to alternate upper and lower body movements.

y



Figure 2.1A and B _ . - ;

A.. Electrode Placemen. used to record Thoracic Impedance

Cardiogram: Attachment of strfp elggtrodes on a subje%p;
electrodes 1 and + ire connected to the constant current
oscillator while e.ectrodes 2 and 3 are used to detect
“ ;

chénges in currert.,(Zo: aVerége total transthorasic
impedance, dZ(dt: rate of change of impedance, EC%F. :
electrocarqiogram, PCG: phonoéardiogram, M: microphone
placed on the preéordiuﬁ).

B. Typical impedance cardiogram recérdinngith simultaneous

ECG and-PCG. Measurement of\dZ/dt and ejection time

min
(T) is as shown. Broken horizontal line shown with the dZ/dt

record is the calibration baseline.
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CHAPTER 3
CHANGES IN CARDIAC OUTPUT AND BLOOD PRESSURE

DURING ISOKINETIC EXERCISE"

Introduction

Studies on the cardiovascular response to exercise have focused
on an understanding of the effects of isometric and dynamic
activity. An isometric activity denotes muscular contractions in
which force 1is produced with little or no change in the anéle of tt
joint. Dynamic activity, involves 1isotonic muscular contractions
against mechanical systems which provide a constant load. During
dynaqic activity the body segments move against this load through a
range of motion, as when lifting a weight or overcomihg a braked
resistance. Although the external load 1is constant during an
{sotonic contraction, the muscle is presented with an ever-changing
resistance over the range of motion because of the modifying‘gffect
of the lever system (8). A dynamic activity wherein the logdinﬁ éf

&

the muscle 1is maximal throughout.the range of motion is referred to

&

as isokinetic exercise.

* A version of this chapter has been submitted for publication:
Haennel, R.G., K.K. Teo, P.V. Greenwood, G.D. Snydmi¥1er, M.D.
Hetherington, H.A. Quinney, and C.T. Kgppagoda. Changes in cardiac
- output and ?lood pressure during isokinetid exe;éise.‘ European

Journal of Applied Physiology, 1987.

~h
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The wunique feature of isokinetic exercise is the control of the
velocity of muscular performance® (16,17). An isokinetic dynampmeter
allows vsluntary contractions to .be made at various pre;dete ined
constant velocities regardless,K of the magnitude of the forces
generated by the participating muscles. Accele;ation occurs until
the pre-determinéd velocity is achieved by the exercising limb. Once

Q .
this velocity is reached, the isokinetic apparatus resists further

.acceleration and the excess force applied by the subject to the lever

arm of the dynamometer is recorded as torque (8). Therefore an
isokinetic exercise differs from an isometric and isotonic
contraction in that the muscle contracts against an accommodating

resistance that allows only a constant rate of movement while

recejiving the full ‘muscular force of the participating muscles

 thraughout the range of motion (18).

Although several investigators have reported on the
cardiovasc. r responses ‘to isometric exercise involving small and
largé musclé masses (5,10;1&,20), as well as dynaﬁic exercises such
as cycling (4,9) and weight lifting (7,12), the corresponding
respénses' to isokinetic exercise have not been fully documented. The
purpose of this study was to invesgigat; the cardiac output and blgod
pressure changes associated with maximal isokinetic exercise, and to

compare these changes with those associated with maximal isometric

exercise. As the mode of contraction was expected to influence the
{

" cardiovascular adjustments data from normal subjects who performed

maximal dynamic exercise was included for comparison.
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" Methods

1) Subjects » - . N - "."_

The subjects were healthy yodng adult’male.§oiunteers. They were
fully informed of the pQ:posé of the_éxperimént gnd written consent
was obfained ‘prior ;o the »sﬁudy., fﬁé.cérdiovéscular responsé to'
maximal dynamic exercisé; was gconduétedb,on:ksix subjectélA Five
.;ubjeCCS ‘participated ihiVthe.assessmenﬁ'of.che acute cardiovascular
‘respor.se to isokiﬁetic exercise. The study p%otocol was approved by

the -nstitutional ethics review committee. e

2) MeasuzemeAt of Work

The 'isokinetic’appara§us used; in the'preseﬁt étudy was a Cybex II
Dynamometer, (Lumex, Inc:k‘ROnokonkoma,ﬂNeQ Yérk) which was equipped
with’ a two chann;l recorder. fhe CybeXFII d?namometer allows torque
to be abplied ahd measgred in opposing diréctipns. ‘In the present’
study the Cybex dynamometeér was used td méaéure.the torque generated
during a . series\dflunilatefal knee exténsion/fiéxion exercises and a
series of qnilategél elbow éxtension/fiexion exércisésl During each
exercise bout the subjects. were inﬁtrucéed fé ébply maximum force
over the entire range of motion: ‘The norﬁal'fgspénsé consists of two
or three torque curves of similaf'ampiitude followed by a gradual
degradatioﬁ of peak torque héigbg (Figure 3.1).»

Work (kJ) is the producf of force éxértea though a specific range
of mo;ion (18). The exter%al work completed during each contractién
was estimated by éaléﬁlating the average‘torqﬁe (the area under the
torque curve, in N‘m's'l,j‘divided by the ;ontraétion time, in

s), and multiplying by .the angular diéplacement (rads) (18). The

%

@



values reported represent the external work recorded over each one
minute exercise period.

3) Measurement of Cardiac Qutput

For all the subjects participéting in the study stroke volume
(SV), heart rage (HR), an% cardiac output (CO) were measured by
impedance cardiography (Mihngsota Impedance Cardiograph, model 304A,

Surcom Inc., Minneapolis, Minnesota). The use of this technique has

been validayed in this laboratory for encurance trained young male
subjects d cardiac patients, both at rest»and during exercise in a
described previously (23). |

eadings were obtained iémediately, (within 3s) upon completion
of a ‘given exercise bo;t. During the measurements, subjects were
requiredv to hold their breath at normal end-expiration to avoid
artifact due to respiratory movement. The average of fi&e cardiac

cycles were used in the calculation of SV.

4) Measdrement of Blood Pressu%e o

Once preparation for impedance cardiography was completed those
subjects participating in the isokinetic and isometric exercises were
positioned on a Cybex knee testing table. The area of the left arm
over the radial pulse was prepared with povidone:iodine (Betadine),
2% lidocaine was infiltrated over the Tadial artery. A cannula was
inser;ed percutaneously into the radial artery (16 gauge 2.25 inch
Jelco:; Crjtikon Ltd., Markham, Ontatio). The cannula was connected
by a 36 cm extens;on ‘tube to a préssure transducer (Statham model
P23D6; Siemens Electric"Ltd., Missassuaga, Ontario) and kept patent

with heparinized saline. The pressure transducer was positioned at

-
- o;;(%d.

N
BN
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the level of the fourth intercostal space for each éubject. The

A

baseline for the transducer was reset and rebalanced for each
subject. Arterial pressures were monitored continuously and recordgd
using .an ink writing sysﬁem (Mingograph recorder, model 804; Siemens
Electic Ltd.,‘Missésggﬂga, Ontario).

Mean arterial pressure'(MAP) was calculated as diastolic pressure

plus one-third pulse pressure. . The MAP reported here are.the peak
’ . ‘ o -y : . '*'-)‘,‘ .\‘

4 ) i . s
values recorded during  each bout of exercise. Systemic- ¥ascular

rasistance (SVR) was calcul&tedw as (MAP/CO) x 80 (the factor for

4 e , , ) N
converting to dyn s»em 3yg§J ?uslngx MAP as the systemic
v . "

e, “9¢

s P
circulation gnadient, °and assdhlng ﬁhg rlg?t atrlal pressure as zero

- P 4 r o Qz'%é‘ : ’H ‘
and not changing from rEst i c"#il?@??. - The rate pressure

]

- product (RPP) was calculated ftom~g -Aysggﬁic bLﬂod pressure data

v

were %ing pattetn, to

mininize the rESpiratory fmfluencas on nf% buring
. \ N e AR’ -

al. exe‘cise bouCS  the c&nulated arwnw' R ot Ee fid ~-immobilized
. L , v:<.~.§;z-, T X YT .

and 1d not contfibute cu the mecha

ﬂ [

T 3 e

% : R ¥ '

5) Exercise Protocol . 3¢ 77
The " protocol involvedﬁ. hree ¢xercise modes;

Q. ,a ’\ . .

{sometric; and <c) dyn&picaqf;nﬁlh"exercise bouts ﬁﬁ¥é§§§ f'rmed at

3 ° - s
&‘ ‘ ’ ’

ic; b)

’-9\

maximal intensity.

.

a) Isokinetic Exercises

[ 4 o

&, ‘u. I 3

tG'

preliminary sessions to familiarize themselves with the eq&ipment and

the exercise protocol. Two movement patterns were tested, rig%t kpee

@h&vtwo weeks immediately preceedlﬂg

the 1investigation the' subjects 'pﬁrcicipated in a series’ oﬁgsix
. o L &
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extension/flexion, and righ extension/flexion. The exercises

were performed at velocitig'A 0.52; 1.57; and 2.62 rad's'l.

For each movement pattern mghé',exercisé' velocities were assigned
randomly. For both movement patte;ns, limb alignmemt and
stabilization procedureé wére standardized.rgkhe input shaft of the
dynamometer was placed parellel to the limb withuthe axis of rotation
o
coinciding as closely as possible with the axis of rotation of the
jbint. For the knee extension/flexion exercises, the subjects ~ere
Held in position by restraining straps around the waist, thigh, and

>

right knee proximal to the ankle. The latter strap attached the

&

subjects to the lever arm of the isokinetic apparatus. The position
of the back rest of the isokinetic table was adjusted so that the
angle of the hip was.becween 1.92 and 2.10 rads (Figure 3.2). For
the elbow extension/flexion exerciges the subjects were placed sugine'
on the Upper Body Extremety Testing table and secu?ed to the table by
restraining straps around the chest and waist. The subjects gfasped
the handle atgagched to the levér arm of the dynamometer when
performing the exercise. During‘ each exercise bout Lhe subjects
executed the maximal number of movements possible within a one minute
period. The' recordings of the peak torqué curves were examined to
ensure‘ that the subjects had exerged a maximum effort. Upon
 completion of each exercise bout, external work was computed. Eacﬁ‘
bout of isokinetic exercise was followed by a 5 minute recovery
peribd;

b) Isometric Exercises. The Cybex I1 dynamometer was also used for

the isometric exercises. The subjects performed maximal knee
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L)

V/
extension and maximal elbow extension exercises. For both exercises‘
the angle of the joint was set at 1.05 rads of flexion (full

extension considered 0 rads), the sdbjects “then performéd a one
. . ) a
v -minute maximal isometric contraction. To do the test the angle of

3

-

the limb was fixed and the Cybex velocity selector was set at 0

. ad-s 1.

v

c¢) Dynamic Exercise. The subjects were exercised in an upright

posture on a bicycle ergometer (Model 38B Siemans Electric Ltd.,
4

f :

Missassuaga, Ontario). The initial load was set at 30 watts (W). At
3

3-minute intervals the workload was increased successively to 50, and

80 W, and in steps of 50 W thereafter. The increments in work were

continued ungil maximal oxygen uptake (VO, max) was achievV

indicated .by a plateau in VOZ' which was recorded at the end'?f
each stage of exercise. The SV/;nd CO were meésured at the end of
each three minute exercise‘SCage up to the maxima¥ load. TherB%£§;s
measured using a mercury sphygmomanometer during the second minute of
each stage of exercise.
at a | o
The data presented are expressed as means ¥ stancai¢ error of
means (SEM). Statistical comparison of the changes in che various
cdrdiovascular parameters across the exercise velocities and the two
active muscle groups was accomplished by a Ewo-way analysis of
variance with repeated measures (2). For a%l tests a difference was
considered statistically significant _f p<0.05. For all variables in
which é significant F vaﬁﬁ%-was,gbtained, a test of Least Significant
Difference was performed to assess the significapce of the specific

\ K

~ .
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differences among~the mean values (Z)f

Results
The study was completed on 11 healthy males (20-33 year ); - The

. C ) .
isometric and 1isokinetic exercise bouts were performed by 5 male

-

'subjects. Mean va&lues for their physical characteristics were: age,

24.6 % 2.1 yrs; height 178.9 * 4.1 em ‘\iighﬁ 83.5 ¥ 3.2 kg.
y

The VO, max of this group assessed on a bic le ergometer vas 4.3

£ .0.5 1l-min'l. Six volunteers (mean age 26.2 * 4.4 yrs;

weight 86.4 * 4.7 kg, height .180.1 ¥ 8.7 cm) performed =
maximal dynamic exefcise bout.

Dynamic Exercise. The average maximal HR attained during the dynamic

exercise bout was 185.0 ¥ 5.6 beats'min'l. The VO, max was

4.4 E: 0.2 1 min1. At maximal exercife SV averaged 1A6f3A R
4.0 ml‘beat'l. The » maximal CO acha?ved was 26.1 % 1.6
l‘min'l. At maximal exercise, MAP was 8121 5 mmHg, compared
to the pre exercise value of 88 t mnHg (p<0.05). The SVR
decreased from a pre exercise level of 1168 t 56 to 352 3
dyn's'cm's, at maximal exercise (p<0.05) t- maﬁimal exercise
the RPP was 31.5 £ 8.3 (HR x SBP x 107%).

Isokinetic Exercise. The external work recorded ering the kne®

extension/flexion exercises was significantly greater than that
_ recorded during the bouts of elbow extension/flexion exercise

(p<0.05). The mean values for the knee extension/flexion exercises

+ 1 1

bouts ranged from 19.9 * 2.5 kJ'min'" at 052 rad's ", to 'J’

¢

- g
221 % 3.6 Kki'min'l at the 2.62 rad's’} velocity . (p>0.05).
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For the elbow extension/flexion ekercises values_zgnged from 8.4 % Ky

2.6 kJ'min'1 at the 0.52 radﬂs'l

!

k- min'! at the 1.57 rad's™! velocity (p>0.05).

velocity, to 9.0 o1

In response to both knee and elbow extension/flexion exercise
bouts, HR increased significantly (p<0.01). The HR response to the
knee extension/flexion exerciEeS‘was greater than that noted for the

elbow extensior, . exion exercise at 0.52 - rad‘s'1

(p<0.05) ..
However, for a given exercise there were no significant differences

betweep the three velocities. The SV recorded during the isokinetic

exercise bouts was nof significantly Aifferent from the pre-exercise

‘

value. As a result of the changes in HR, CO increased significantly,
for both the. knee extension/flex]i ad the elbow extension flexion
exercises (p<0.01). "For a'given exercise velocity, the CO response

..

to the bouts of knee extension/fleXion exercise tended to be lafger”
than that observed during the élbow extension/flexiq‘ 'exercises
(p<0.03):- Trsse findings are sugpmarized in Table 3.1, |

The MAP rose significantly during all-isokinetic exerclise bouts
(p<0.01). The highest MAP was recorded during the'_kzée
extension/flexion exercises (p<0.05). Fo; a.given exercise (knee or
elbpw extension/f}exion) tﬁe magnitude of the increas;’in MAF was
siéilat for the three vechiEies (Table 3.1). For both the knee an&
elbow extension/flexion exercises a significant réduétion>in SVR was
recorded, as compared to the pre-exercise values (p<0.05). The‘
increase in RPP rec;rded d;ring knee extension/flexion exercises was

significantly higher than that observed during the bouts of elbow

extension/flexion exercise (p<0.05).
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. 4 o
Isometric Exercise. The "HR response to isometric contraction of the

\

leg was © lower than’ thét recorded during ghe isokinetic knee
exﬁépsioh/flexion exercisg (p<0.05)N For the isometric contfaction
about the leg the .SV response was significantly lﬁkefféhan the pre
,exerciée‘ Qalue (p%0.0S). " The SV response to the isometric
contréction of the leg was also significantly lower than that

_recorded during the isokinetic knee extension/flexion exercises

(p<0.05). The isometric ntraction of the arm was not assoclated
with ‘a significa;t red?(::i: in SV{ compared to either the pre
exercise value o; that recorded during isokinetic elbow
extension/flexion. The CO response to the isé@etric contraction of

the lég was lower than that recofded. during isokineti¢ Kknee
extension/flexion exerci;e (p<0.05). The increase in CO dufing the\;j»,
isometric contraction of the arm was significantly lower than that
observed during elbow extension/flexion/ exercise at 1.57 or 2.62
rad-s™l (p<0.05).
The MAP regorded during the isometric coptractioﬁ of the 1eg.was

: significéntly higher than that recorded during the {sometric

contraction of the arm (p<Q.05). When the isometric and isokinetic

exercise bouts were compared, rhe MAP recorded during the isometric

-

‘ .
contraction of the leg was significantly higher than that recorded

during the bouts of isokinetic knee extension/flexion exercise

(p<0.05). The SVR calculated for the isometrlc contractions was not?
changed from' the pre-exercise level. . The RPP calculated for the
isometric contraction of the leg was significantly greater than the

RPP calculated. for thedghﬁe extension/flexion éxercisgs'at 0.52 and

~



1.57 rad s} (p<0.05). -

. Discussion

The primafy objective of this study was 'ép défiﬁe the acute
cardiovéscular re;ponsé to isokinetic exeféisef To achieve this aim
healthy young male subjects performed maximallkﬁée-exte2§ion/flegion
and elbow - extension/flex£9n exercises at eachﬂﬁf 3”velocities. The
study desigh élso‘ allowed for aicomparison 6f these caraiovascular'
responses with those which occur during maximai isometric and dynamic

exercise.
4Thg. cardiéﬁascglar responses - to maximal upfight exercise on a
b;cycle ‘ergometer in the "steady state" are well known (1,21322).

Dynamic -‘exercise is accompanied by relatively linear increases in HR

and:FMAP. The SV increases linearly from rest until the HR exceeds
13 : . .
110-120 bea.t:'min'l (6). At higher heart rates the SV remains

- unchanged until maximum exertion is achiéygd, at which time there may
be a small decrease (6;23); Thus, at rélati§e1yklo§ levels of
exercise " the CO is increased by a combination of an enhanced SV and
HR. At high levels of exer;ioh, the HR alone appears to play a major
role in genera%iﬁg thél increases in CO‘(l). Hewever, it has to be
rééaniged that éhis appargnt constancy of the SV is maintained by an
increase 1in coptractility ‘of the - cardiac muscle (11:%%). These
changes are accompanied by a reduction in the overall SVR. In the
present stﬁdy, these adaptations were evident during upfight cycle
ergometry.

The cardiovascular responses to maximal isokinetic exercise were
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differen; from those observed during maximal dynamic exercise. The
nature of% thé protocol was such that tﬁe measurements were not made
during “"steady state"; each exerﬁise bout being ong, minute in
duration. During "~ isokinetic exercise the increase in CO was due
Uﬁrimarily to the changes in HR. These changes were accompanied by an
increase in MAP and a réd&c;ion in SVR. Both HR and MAP increased at
the onset of exercise and rgmained elevated for the duratiéﬁ of the
» , .

isokinetic exercise bout. The rapid HR response was likely to be due
to vagal withdrawal (21);' The cﬁangeg observéa in HR and MAP‘during
the elbog extension/flexion exercises, were qualitatively similar to
those seen during the inee éxtension/fiexion ‘exercises, but the
.absolute vélﬁes achieved Q;;é Smaller. For the three veloéities‘
exaoined the HR and MAP reébonses (knee extension/flexio; or elbow .
¢ Lension/flex_an). were simila;. . These twgrfeatures suggest that the
magnitude of the HR and MAP response:‘may be a fuﬁcti;n og the active
;uscle mass and independent of the vélocity of the exercise.

Mitchell et al (13) has defined the exercise pressor respornse as
all the cardiovascular changes that serve egbincrease MAP during -
muscular contraégion. During exerclse, the magnit&de of the increase

~in HR and MAP has been.related to the felati;e exercise Iintensity and
the . size éf tbe acfive muscle mass (9,14). With a larger mu;cle mass
or a higher relative exercise intensity, greater increases in HR and
MAP could be aanticipated as a .result of a greater degree of
excitation of muscle afferent receptors (14). Thus during isoginetic
exercise, ‘one might expect the magnitude of thé pressor response U»

!

be correlated with the mass of the exercising muscl:. In the present
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study the values for the change in HR and MAP did not appear to be

related to the velocity of the movement. Yet, the knee

’

extension/flexion exercises produced a greater response than the
elbow extension/flexion exercise bouts. Therefore, it is suggested
that 1isokinetic exercise, even at the slowest velocity used in this

study, provided a maximal stimulus to the muscle afferents which

mediated the reflex responses. " S

d.}wl'v
During exercise, CO 1is influenced by the venous return, the

magnitude of which is determined by the mass of the active muscle

pump . \\\As a larger muscle mass was utilized during dynamic exercise,

a .greater mus.le pump would have been'ingffved. Thus it was not
surprising that the change in SV and CO duriqg isokinetic exercise
was ‘sﬁéll, compared to that recorded at faciéue in the dynamic
exercise. T1e observation that SV and CO were not influenced by the
velocity ‘of the iéokinetic exercise suggests that the muscle pump was

«Q

maximal at the three velocities examined.

A number of reports (10,19,20) have shown that the normal

cardiovascular response to isometric exercise is an elevated MAP

mediated primarily by an increased CO with minimal contribution by.

SVR (10). Our observations for static contraction of thewarm and leg

are consistent with this claim. However, the exercise mode

apparently affected the manner in which the pressor response was

achieved. The pressor respouse to  the isometric exercises was

mediated by an increase in HR, and . therefore CO, without a

significant change in SVR. Duriné the isokinetic exercises the

\ >

pressor response was produced by proportionately larger changes in

IS

[

P-SIp I



30

‘

s
P [N

CO. The differences in SVR were likely to be caused by a mechanical
[ .

hinderance to blood flow in the tonically qgﬁf?gcted muscles during

the isometric contraction and by metabolic vasodilation in the

rhythmically working muscles of the isokinetic exercise (1,10,201).
“There_ are certain practicél»}pplicationg in these data. . First,

maximal igokinetic‘exercié@)did not predipitate the extreme increases
in MAP that have been reported;during near maximal weight 1lifti:

N ¢ B

EY

(12). Second, - tbe cardiovasqufar stress Essogiated with maximal
isokinetic exercise, ‘(the increase in HR, MAP, and RPP)}éppear to be

o : ' . '
proportional to -the acgive muscle mass. It is suggested that

N 3

isokinetic exércisé} might be adaptablelﬁo selected cardiac patients, ;.

with a view to improving their muscular strength and endurance.

)
I



TABLE 3.1 .Changes 1n cordiovesculer pn-smeters during maximel isokinetic ond isometric exercise. -

Y
velocity HR sy €0 - Map SVR ’PP
(rag-s™ wemn™ly (mlbeat™) (1'min™Ty (mmHg) (dyn-s-cm™)  (HR x SBP x 1273
Arm Exercises
Pre Exercise - 78270 11529 b 8.120.7 a 91 260 906 X 64 cd 3.1¢256¢
Isoklnetic
8.52 W7 T8bc 186 T 11ob  11.3¥@.8bc 1122 6bc 493 1S4 b 18.470.90
1.57 113t 8bcd 165t 1Bop 1.9 BSc 1SISc .73 akos 1881 1.8
2.62 112 26bcd B3 9ad 11.528.6¢ 115 26 ¢ 899 X 64 be 9.8 2 8.8 ¢
Isometric 82 4p 98 *i8o Wolesv 2tf5cd 99 7ad W1 1.7
: ¢
-] -
Knee Exercises
¢
velocity HR SV . COo MAP SVR RpPP
(red-s™h _ (o-min™ 1y (ml'beot'1) (1'mn~ 1y (mmHg) . (dyn-S'cq's) (ﬁg.x SBP x 1973;
: 1
Pre Exercise 89 T 4 g 18 X 4b 7.4 Bua 182 2 4b 1988 X 88 e 3.9*8.71%
t)
Isokinetlc . !
\
B.52 126 9de 111280 %0894 T35 7e 77157 ab 254123 ¢
< _ o
1.57 128 t7e 872 9b 13.72184 128 15 de 77170 bc 262125 ¢
2.62 T e M 151839 129 T4ce 683 2380 26.3 % 15 cg
6o B4 080D 5 L7 f 1154 2 56 d 29.8 2.3 4

Isometric

- 3

values ore mean * SEM: n = 5. HR = heart rote; S¥ = stroxe volume; CO = cardiac ‘output: MAP = mean orterisl

cressure; SVR = systemi¢ vascular resistance; RPP = rcte pressure product; Values with similar suffixes

Jenotes no significent gifference (p>8.85).

Fd



Figure 3.1 Recording of peak torque heights during a isokinetic
knee extension/flexion exercise with maximal effo..
The initial mowement is extension followed by flexion.
*The exercise velocity in this example was constant at

1.57 rad's'l. The torque scale was set at a maximum

.

of 244 N'm. and was recorded at a paper speed of 5
o qmm s ' ‘

~
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Figure 3.2

Schematic representation of the subject positioned

for the knee extension/flexi&n exercise on the Cybex
table. The figure also shows the relative positioning
of the subject the recording monitors for impedance
cardiography and the measurement of inter-atrerial

blood pressure. °
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"CHAPTER 4 ¢

EFFECTS OF HYDRAULIC GIRCUIT TRAINING ON CARDIOVASCULAR #
FUNCTION™
o Introduction

Circuit weight training is a form of strength‘ﬁrainiﬁg in which a
series of exercises are performed with ré;istance equipment in a
predetermined VsequenCe. In most circuit weight training programs, 8
to 12 different exercises are performed, gusually at an intensicty
equivaient to 40 ( to 60% of the maximal force'éenerating capacity of
the participating muscles (10). Short work bouts, which incorporate

10 to 20 repetitions of each exercise are alternated with relief

<
intervals during which time the individual moves from one station to

another. While there is little doubt that circuit weight trafning
improves muscular strength and endurance (2,11,12;29), the
cardiovascular training respohse remains controversial. Several

-

investigators (9,29) have reported small but significant\improvements
in maximal aerobic -power with circuit weight training. However,
others (2,18) found no improvement in aerobic power with such

training. These findings are based upon exercise tests undertaken on
@ t

A version of this chapter has been submitted ‘for publication.
\haenﬁel, R.G., K.K. Teo, H.A. Quinney, aﬁh C.T. Kappagoda. The
effects of fgydraulic circuit training on cardiovascular function.
Medicine and Science in Sport and Exercise, 1988.
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bicycle ergometers (2) and treadmills (9,18,299; Further,- it has
been reported that the hemodynamic response to submaximal exeréisé on
a bicycle -érgometer (2), or a treadmill (18) is unchanged following
circuit weight training.

_fﬁe controver;z regardiﬁg the efficacy of circuit weight training
6h’/£ardio;§scular\fitness may be related to the relative intensity of
exercise: useé in the pfograms (20,29). .Whilelthe heart rate response
to trad&tional circuit we!ght trainingﬁwis within the range
recommeég;d by the Amefic?nf/éollege of SporRs Medicine (3), the_
aerobic demand has been siown to be insufficient to enhance maximal
aerobic power L(l6,18,30). Recently however, circuit tfaiqing on
devices which _ provide accommodating resistance from variable
hydraulic cyliﬁders .has been reported to produce both the metabolic
and the/ cardiovascular stress necessary for the 'enhancemenq~ of
maximal aerobic power (19). These hydraulic devices allow high
intensity concentric _exercige or the agonist ana antagonist muscle
groups linvolved in a given movement (23). Data has been presented to
suggest that wuse of such devices will result in ggﬁroved muscular
sﬁrength and endurance (31). It is not known howevgr, whether
circuit training wusing hydraulic devices wiil elicit an impfévement
in the méximal aerobic ﬁower of previously untrained midéig-aged één.

. The purpose of the present study was to define the changes in
maximﬁl aerobic power induced by hydraulic circuit training and to

compare them with the effects induced by a conier: lonal dynamic

exerclse training program.



| Methdds

1) Subject Selection ' ' » .-

+

4
' Thirty-two male volunteers participated in this study. The

.éubjécts were insFrhcted as to the nature of the study and written
inforﬁed consent was obtained. Prior to training a medical history,
physical examination (Appendix C), resting ECG, and a Graded Exercise
Test (GXT) on a bicycle ergometer were performed. None of the
subjects had clinical evidence of heart disease. Twenty- four of the
subjects were randomly assigﬂed‘ to one .ofithree groups (n = 8 in
each); a) a non-ékercising control group: b) a high intengi;y'cifcﬁit

' training group, wh?ch,rjompleted the maximum numbeQ‘gf repetitions

possible during each .»work interval (HCTmax); and c) a high
inténsity‘ circuit training gfoup which completed a 70-85% of the

max imum nu;ber of repetitions poSsib{i—'during each work interval

(HCTg ) - Their'.fesult§ “were compared with the responsés of éighr-

men of similar age and physical characteriséics who pa:gici;ated.in a

dynamic exercise training program. \

- 2) Measurement of Maximal‘éerobjc Powei
* Maximal aerobic péwen‘ was assessed by‘ méasuripg the maximum

oxygen uptaké (VO, max) "achieved during a GXT on’ a bicycle

ergometer (model 740, Siemens Vélectri; Ltd;, Missassuaga Ontario).

The 1initial workload was set at 20 watts (W). At 3-minute intervals~
it was increased successively to 30, 50, and 80 W, and in steps of 50

W thereafter. Thé' GXT coﬁtinued. until one of the following end

points was attained: a leveling off of, or decreése in VO,, with

increasing workloads; attainment of 95% ageuasgdictéd maximal heart
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volitional ékhaﬁﬁiiogs (Bofg scale reading.>18). The V02

measured by iﬁéedence cardiography (Minnesota Impedance Cardiograph,
model. 3044, /éufcom Iné., Minneapolis, Minnesota). The use of this
technique hés been validated in thisoiaboratory for éndurance trained
young malé subjects and cardiac patients, both at résf and during
exercise (28).
Readings were made at rest and immediagely (within 3s) upon
completion of each workload during the GXT. During the ﬁeasurements,
0
vgubjects were required to hold thei; brgath at normal end-expiration
to av&fd artifact - due to reépiratory m;vement.‘ The q&erage of five
cardiac cycles was used.in.the calculation of SV.
Blood pressure' was measured using a ‘mercury sphygmomanometer
" during the second ‘minute of each stage of the GXT: The follo&ing
pafameteré were calculated from the priméry measurements; ﬁean
arterial pressuré kmmHg)‘ was éalcul;ted as’ the diastolic Blood'
. pressure + 1/3  pulse pressure; systemic 'vascﬁlarﬁ resistance
(dyn‘sfcm'S) was estimated by dividing {méan arterial pressure
(MAP) by CO and multiplying by 86 (15). Left ventricular stroke work
kg‘mj,’ which was used as . an index of 1eft.véntricular function, was

A &
calculated by the modified formula: SV (wl'beat'l) x MAP (mmHg) x

0.0136 (15). The rate pressure product was calculated by multiplying



HR and the ‘systolic blood pressure (RPP = HR x SEP x 1072)

4) Measurement of Muscular Strength and Enduyrance

qQ
A Cybex 1II Isokinetic dynamometer (Lumex, Inc., Ronokonkoma, New
A

York) equipped with a two channel recorder was. used to meastire
muscular’ strength and endurance;‘ Measuréments were made I. ~r 4
series of maximal right' knee, and right elbow exténsionﬁ'.éxidn
exercises. Biafore the assessment, the subjects-weré familarized with
the system' and the rquired 1imb actiéns. Limb alignment and
stabilization. procedures were standardized fo; each test. Muscular
strength was defined as tﬁe peak terqﬁe (N'm) recorded during a
givén exercise. %he assessmen of muscular stfength was completed at
two velocities, 1.05 and 3.14 rad‘s'l. Muscular endﬁéénce was
defined as tﬁe total work accummulated over three 20s bout of maximal
l.”

1

exercise at 3.14 rad's’ In all cases :the 1.05 rad's = test

was c&nducted first, with ; minimum 5 minute recovery‘intérval before
the 3.i4 'rad's-1 test. In orde; tp minimize art?factual torques
or the torque 2overshoot" “the first extenéion and flexion forques
from eacb serieé were Omitted from the resuits (27). External work,
expreSsed in; kiloJo;les (kJ), was eszimated for thé.three 20s,work
bout .at 3.14 rad's’! by éalculating the average tatquef(the area
under the torque curve, iﬁ ‘N'm‘sTi divided bby: the contraction
time, 4in .s) and then multiplying it by the angular displacement

'(rads).(ZA).f

P
5) Training program

,’All 'subjects assigned to training exercised 30 minutes per day,

three times a week for eight weeks. The training sessions commenced
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with a..three minute warm-up -and 2oncluded with a three minute
cool-down "period. . The dyngpic training group exercised on bicycle

ergometers for 24 minutes at a workload which corresponded to 70-85%

[~

of their heart féﬁe reserve (21).

Those .subjects assigned to hydraulic circuit training exe;cisea
on eight stations of variable resistance hydfaulic -equipment
(Hydra;FiEness Canada Ltd, Sherwood Park Albe#ta). The following
movement patterns were employed: knee extension an&vflexion; hip

extension and flexion; hip abduction and adduction; elbow extension
D .

and flexion; shoulder extension and flexion; and planter‘flexion.'
Over the two wéeks iﬁmediégely preceeding  tFaining the subjectS‘
assigned to hydraulic- circuit training were Sfamilarized with the

equipment and thé training circuit. Stations were arranged so as to

Ly

exercise the upper and lower body al%ernate}y whenever possible. The

circuit consisted of three 20s work in;ervals at each‘stétion with a .
. B ’ : ®
1:2 work:rellief ratio. ’
’ ‘ ‘ . N
‘The subjects assigned -to the hydraulic circuit training were

¢

randomly ‘éllocated to one of two groups. One hydraulic circuit

training group (HCT..) completed the maximum nﬁmber of répetitions
__ppssible_-during.eachbwork interval. The initial cylinder settings of
‘ii'/3f“:én, 2 (for the 'three successive work intervals of a given

exercise) Wwere increased when the subjects reached a level of one

,.‘répetifion per sécond (23). g“{“ - V4
. . . J.} S ' //

The second hydrauliclyci;cuit training group (HCT ) trained at

a level which cofresponded- €o 70-85% of the maximum repetitions

- possible for "a given exercise and cylinder setting. For the HCT,

o
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‘ fgroup the initiai cylindérh settings were such that the subjects
}coméleted between 12-16' repetitioﬁs, Iwﬁgn the movement iqvolved a
range of motion of less tha; 2.62 rads; and 8-12 repetitiohsvwhen'the
exercise involved a range;of mptigg ;f greater tﬁan’2f6é radéi ‘For

this "érbup the  maximum repetitions for each 20s wbrk'in:ervar was
éstabiishéd prior to :training,.éndeas reassessed at the completion
of weeks-3 andy6. _The qﬁjusted'ﬁrogxams"wére used fbr»Ehé»szseduent

' weeks of training.

e

" 6) Acute Response to Training Sessions
. B - ‘q' . . g

The HR and® blood pressure respons~s to the various training
: : L : o R 3 .
regimens were monitored during each session. The HR was monitored

~with jSport» Tedters. Gmodels'_pefIZOOO, ‘or pe BOOO;f?olér/eleCtre,
Kempele 7Finland). The blood. presSuf% 'responsé .to training was
assessed using an, electroﬁic“Sﬁhygpq@anometef‘ (Infrasonde, -model '

'_.DAQOQ} Pufitaﬂ~Bennett Canhda;ttd. Vaﬁco&Ver %;iti;h Columbia). ,gﬁ@;v .
of ;gh'e‘ electronte ;phygmima..“.@étef”as'“ Val:ida_te'd,at. rest and du“ri;g i
s.teady‘ Sta£é exerc‘is% . S)_'i;?.éﬂ';ig'erfovr was asse'ssegi.b”y c?orﬂ;‘)%‘ring w-ith*'.'
simultaneoﬁs‘ measurement '7§f'f?b156d pressur@ using a tmercury

éphygmomanq@eter. . A significant linear COrrelation.was ogQained
’ - "‘ ' VR - o ! . .
(ﬁ-ZO, regtessibn‘:coefficient - 0.82 p<0.01) between blood pressure

measurements made using the electronic sphygmomanometer and those )
A C . A .

. , B SR .
using a 'mircugy sphygmoganometer.: The slope of the ;eg;efsion line
A . PN . s - N ?

1 o

and the intercept - were not: -different from dnity-;ﬁnq‘xzerqé

'reépectively, ~indicating 1o significant systemic . error in the
. & o : K - ’ ’ ‘

1;e1ectronicc 5phygmomanomec9r, _* The' reproducibility of the blood

.

pressure’ . response was assessed in. 6 subjects during steady state

e
Kyt

©

Caa
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"‘exercise at a po&ér output of 50 watts, on two seperate days. ‘A

significant -correlation was obtainéd (r=0.88, p<0.001) between the
. ’

two days.

For the cycle tréining group HR and blood pressﬁre were measured
during steady state exercise. Fof the hydfaulic ciréuit training
gropps,v.the HR response wa§ recorded immediately upon completion of
each work.rinterval. The blood p;eésgre response was assessed during

the bilateral knee extension/flexion exercise.

71 Statistical Analysis

The ' comparison of the pre and'post trginingrmeasurements was made
using a 2 ”way Analysis of wvariance (6). A probability level of
p<0.05 was accepted as the minimum vayue for statisgical sigﬁificance-
> between groups. For ‘a given variable if- a significant F value was

v
obtained, a test of Least Signifigant Difference was performed to
assess the significance of the specific differences among the mean

values. The data presented are expressed as means t standard error

"of mean (SEM).

Results

The study was completed on 32 middle-aged males. Mean values for

their vphysicai characteristics were: agé€ 42.2 r 21 yrs; height
178.6 ¥ 2.4 cm; weight 83.2‘_i 4.2 kg.  The VO, ~max for the
group, assessed on a bicycle ergometerl .was - 2.67 t 0.10
l‘min'l; The featu;eé of the individualg in each of the four

groups are given in Table 4.1. There were mno significant differences

between the four groupb in any of these variables, nor were any
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significant changes 1in body mass observed over the course of the
study.

Acute Cardiovascular Response To Training Sessions

During the exercise sessions the three training groups attained an
mean HR  of 84% of maximum (Table 4.2). The mean HR response to

training for the HCT . grbup was significantly lower than that

recorded . for the other two training groups (p<0.05). The MAP reponse
during the training &sessions was significantly higher for the

HCT " than  for either the cycle or HCT

Thax training groups

‘ sub
(p<0.05). The rate pressure prpduct, calculated from the training HR
and  SBP data, was sigqificantiy lower for the HCT_ . group than For .

the other two training groups (p<0.05)

Cardiovascular Responses to Training;'

a) Rest. Following training .the resting HR was reduced
significantly in the HCT, . - group (p<0.05). Both the cycling and
HCTsub groups demonstrated a significant increase in sV (p<0305);

#ollowing training MAP was unchanged for the three training groups

., (Table” 4.3), 'while left ventricular strok& work was signifiﬁé?tly

increased in the cycle trained group (p<0.05).

b)  Submaximal Exercise. The cardiovascular response to submaximal

exerqisé 'was'éssessed at a workload of 130 W. Following training the
cycling and .HCTsub‘ groups demonstrated a significant reduction in
HR (p<0.05). For these same groups, the reduction in HR was
associated with an inc;ease in SV (p<0.05). All three créining
groups demonstrated a significant reduction in the calculated rate

pressure product (p<0.05). The cyclé( trained and HCT .. groups

R -
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"~ also déﬁonstrated a significant ;educ;ion in MAP (p<0.05). There
were .no significant changes in sYstemic vascular‘resistance or left
ventricular stroke work for either the . coﬁtrol or the exercising
groups following training (Table 4.4).

c)v Maximal Exercise. Followiné trainipg{ V02 max (Table 4.5) wé&
significaﬁtly increased for: both hydréd&ic circuié training groups,
and the c¢ycle trainingL%é%%up ‘(p<d.05). The largest increment in
maximal aérobic power Qés fécorded by the cycle trainiﬁg group

'(pQ0.0S). At maximal ege%cise the HR did‘not change significantly
for either:. the contr61 group, or the training groups. The éV at
maximal® exercise was significantly’increased for tﬁe three training

‘,Jgroupsrécp<0.05). “As a result Qf'tﬁe increase in SV, ‘the maximal CO
X <. [je,q, . ) )
e
AR iﬁg&eased for all three training groups (p<0.05).
EA

B oK

7:;y_ o ;5‘
was - significan
o7

. v . T U . . . .
At ma%imal -.exerdéise :ﬁhére were no significant changes in systemic

5
; 'ﬁ?

vascular Tresistance, mean arterial pressure, or the calculated rate
h . . ,SZ . B
pressure . .product. Following training, lef&:ventricular strgke work
..f’u"‘./ ’

increased in the cycling and HCT_ grgaﬁé (p<0.05). The effects
of the 8 weeks of tra;ﬁingxén the selected physiological variables at
maximal exercise is ppesengéﬁbin Table 4.6.

)
Muscular Strength and Endurance.

a) Knee Extension/Flexion. Alterations in peak torque consequent to
the training programs are presented inm Table 4.7. For the hydraulic
circuit training groups ‘the peak torque recorded during knee

extension and flgxion, at  both the 1.05 and 3.14 rad's’

velocities was significantly increased following training (p<0.05).

1.

The cycle trained group demonstrated an increase in peak torque only’

e
vy i aw
. 0
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.
A

during knee extension at 1.05 rad st 5§P<0.05)J\ There were no
significant _changes in peak torque for knee éxtension/flexion;in the
control grouﬁ. . - .

b) Elbow Extehsion/Flexion. Following training, the peak torque

1

recorded during elbow extension at 3.14 rad's = was significantly

increased for the hydraulic'circuit training groups (p<0.05). During
elbow flexion; a significant increase in peak torque was recorded at
both velocities 1in the hydraulic circuit training groups (p<0.05).{
No changes in;‘peak torque for elbow extension/flexion exercise were_

observed in the control or cycle trained groups.
a

c) Work. The accummulated work (kJ) recorded over three 20s work

1

'

bouts about the knee at 3.14 rad's - was increased for the three

: . O
gﬁraining groups (Figure Q.l). The cycle trained group demonstrated a

) 16% increase (p<0.05). A significantly larger increment was observed
in fhe hydraulic circuit training groups; éhe HCTsuE and HCT ..

: gr;ups recorded a 46 and?&@% increaéé respectively :(p<0.05).

For the three wark bouts about the elbow (Figure 412), both

hydraulic circuit trai..ing groups demonstrated significah; in;rement;-w
in accumﬁulateg wofk. The HCT_,, group ‘recorded a 34% increase

. L
whereas the HCTmax group recorded a 202 increment (p<0.05). XNo

. .
significant changes were observed in either the control or cycle

e

+
Lo

training group. ' @
. ) . ‘ | N

, L]
$
Discussion *
'
The present study was undertaken to determine the efficacy of

ﬁhygfauiic circuit training on the maximal aerobic power of previously
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untrained middle-aged adult {malés. . To achieve this objective the
effects of hydraulic circuit - training were comparédv with the
hemodynamic changes - associated with “dynanic gxercise training on a
bicycle\yergométeff The principle hemodynamic responses to hydraulic
circuit training included significapﬁ increases in VO, max, maximal
SV, aqﬁ €O, with relative bradycardia at submaximal workloads.

';) for the hydraulic-

VOzmax; The increase in VOZmax (l'min
circuit . training groups represented a 9 and 13% impfovemeAt for the
HCTsub and HCTmax . groups respectively. These findings ‘are
consisfent with the report of Katch et al (19), who suggested that
the magnitude of the HR ana oxygen demands associated with hydraulic
“resistance exgrcise per se was sufficient to promote improvements in
aerobic power. These 1increases are in agreement with previous
reports on circuit weight training (9)29)- The di?crepancy between
preseﬁcA findiqgs and earlier circuit weight training studies which
failed to demonstrate chéﬁges in V02 mé#r(2,18) with training ﬁay'
be attributed to differences in the initial fitness level of the

3 particip: ! and . the relative oe@f e intensities of the circuit

b;.atralnlmg préﬁgzms ($224y7

~ PREREEEN

-@pThe increase in dey'mé
) » ' .‘ N - 0

was siﬁ;lar .5 that reported by other sq

) R

aining gfoup

es’%sing"dyngﬁlc exercise
train{hg (7,25), but greater than that deﬁgnstrated by the hydraulic
~circuit 'training grQ%p§.L The differences in the magnitude of the
increase in VO, max jfar the cycle trainédugréué and the?hydraulic

circuit trained groups may be attributed to differences in the oxygen

costs of the two exercise modes.¢ The energy expenditure estimates
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for «circuit Qeight training (16,30), and hydraulic circuit training
(19) are lower than those calculated for dynamic exercise, which
could partially‘e§p%fin the differences in aerobic changes. Further,
at half of thé sﬁé%ions in the hydraulic circuit training program a
smaller ;uscle mass (arms) was involved. It has been showﬁ fhat the
oxygen cost of ‘érm' w;rk is approximately 70X of 1leg work at
comparable heért rates (7,26). Therefore, the overall stimulus for
o
aerobic improvement may have less for hydraulic circuit training than

for cycling.

.
n -

The fact that the change in maximal aerobic power was similar for

the two hydraulic circuit training groups may be attributed to the
: , e ,
work accomplished per training session (13). While the force per’

contraction was likely greater for HCT group because of the "all
O y)

out" effort associated with their program, in many instances the

max

. ° i

number of repetitions completed per set were greater for the HCT; .

group. Consequently, the accumulated work per session may, ve been
similar for the two groups. ' ¢
Possible Mechanisms. In terms of the Fick principle any change in

r

V0o, max may be attributed .to . changes In maximal CO agd
arteriovenous oxygen difference (a-vO0, diff). Within’ skelgt@k
~muscle tfaining ’may_ indﬁce changes in caﬁillarization and oxidative
enzyme acti?iﬁy. Vhile increased oxidative potential in muscle after
cycle training is well established (4,26) the data from strength
tréined muscle are inconclusive (14,17,20); Thus, while adaptations

to the oxidative potential of skeletal muscle may be anticipated in

the cycle trained group, such an observation can not be extended to

3



51

the “hydraulic circuit training groups. " Investigations into the

. K :
- effect of “exercise training on capillary supply have shown an’: .

increase in capillary density with endurance training£Q5}26)ioaﬁé

that the time course changes for capillarization arg:

5. - },‘ Ll ! '
those of VO, max (4). The effects of strength trainingﬁon capilla?y

: 2
density . is a topic currently, under investigation. Data has bgen

R 1 )
presented to suggest that. the capillary density may be increased
' following a program of strength training (22).

_As' - maximal HR did not change over the course of training, the

increase in maximal CO, observed in the traihing grdups, may be

attributed to the changes in SV (Figures 4.3 and 4.4). The increased

SV observed in the cycle traiﬁing4group'is in agreement with previous o

reports on dynamic training (7). The finding of an increase in

maximal SV with hydraulic circuit training is consistent wiéh the.
\hypothesis presented by'Cettman et al (9). They reportédﬁan increase
. in 0, ;g%ée from which they inferred an increase in S\ following a
program of circuig weight training.

The changes in SV probably resulted from cardiac dimensional
changé§ and extramyocardial adaptations. . Changes in VO, max are
parelleled .by sﬁall but significant increase; in total blood volume
(7). Blomgqvist and Salt?n (7 Qoted a relgtionship between maximal
stroke volume prior *to volume loading and the magniéudf of the
increase in ‘stroke volume after 1oading.. Theyﬁsuggést that training

. ’ 2
alters the ventricular compliance cﬁaracteristics by modifyingo
left/right ventriculard pericardium igtéfaction, .resylting in an

increased diastolic reserve capacity. The finding of an increased

o8

.
.
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left ventricular stroke work for the cycling and HCT , groups, at
maximal exertng- is consistent with an improved left ventricular

function following training.

For the HCT,, groups, 'the training-induced increase in SV was"'

associated with a resting brédygafdi&u(Table &.3),\and a decreased HR

: . @
response to a given absolute workload. The resting bradycardia,

following . training may be attributed to increased parasympathetic .

Eone (25). Both increased pa%asympathetic tone and a reduction in
sympathetic stimulation account for. the reduced HR response to a
given; absolute submaximal workload following training. The reduced
vsympathetic stimulatién to a given ;béolute submaximal workload may
be . Qg%;%buted to reduced peripheral afferent activity }following
tréining (7).

Mﬁs@mlar" trength and Endurance. Comparngto the control and cycle
fréined oups, tﬁe hydraulic circuitigﬁéining groups demonstrated
signifiéant increases in peak torque and‘accumulateAFWOrk during knee
extension/flexion and elbow. extensioﬁ/flexion e*égcises. The gains
in muscular strength and endurance observed i; thé\ﬁygg;ulic circuit

training - groups éye;e similar to those reported for other clrcuit

weight training studies (9,18,29). The iricreases in strength and

¥

endurahce can be explained on the basis of structural,uﬁeural, and
biochemical adaptations (8,10,22,26). The fact that the inpreases

were similar for the two hydraulic circuit ctraining groups,
3 P ‘

suggesting that the HCT. , training protocol was effective ;in

improving muscular strength and endurance.

“



53

- . ) Summary »

The present study indicates thaéchydraulic circuit training is
effective in improving the maximal ;érobic pbwer, as weli as the
muscular strength and endurance of previously untrained middle-aged
men. The improvements demonstrated by .the' HCTsub- group, at a
reduced central CirCulatofy deqand (i.e. heart rate and rate pressure
product), suggests 6hat-rsuch exercise 'ﬁight be useful in tfaining
cardiac ‘patienCS with depyessed %ventricular.functio;.’ By training
_the various muscle groupsrone at a time, these patients may be able

te enhance'their aerobig p;wer, musculap stfength, and endurance at a
‘reduced central hemodynamic load. Whether such training would be

detrimental to such patients is not known and further studies on

patients undergoing this form of exercise training is indicated.
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Table 4.1 craining physical characteristics of the four groups.
Control Cycle i HQTsug HCTmax
A ! '
AGE (years) 62,3231 s1.9%2.2 s20%18  41.9%302
Height (cm) 179.4 3.3 182.8% 2.1 177.¢ %25 .178.7 %200
Weight (kg) - 82.3%f4.5 8u.8%27 '809%f32 850%3.4

Values are expressed as means * SEM. N - 8 per group.
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—

Table 4.2 Acute cardiovascular response to the training sessions.

Cycle-

Values are expreésed as means & SEM. HR

MAP = mean.

arterial pressure; RPP - rate pressure product. Values with similar

suffixes denotes -no significant difference (p>0.05).

1

yA o£ max =

percentage of maximum value demonstrated at the pre-training graded

exercise test, NS

3 HCT, ;. | KT,
HR (b'min’1) 149 134 £ 3 a 143 %
(% of max) (89%). (78%) (85%)
% .
MAP (mmHg) o 100 £2 a 100%1a 107 2 b
(% of max) (86%) _ (89%) © (88%)
RPP (HR x SBP » 107%) 228 £ 14 b 197 £ 6 a 220 £ 8 b
(% of max) (69%) (61%) {(65%)
- heart rate;
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)

| s
Table 4.3 The cardiovascular parameters ai'rest. -
ﬁ‘
Control Cycle HCT 1«
Pre Post " Pre  -Post Pre Post
HR 76 70 70 65 8l 71x 72 .1 ..
4 2 4 4 s A 2 oo T
SV 68 71 77 91x 66 . 75% - 72 e
+, *, L35 6 %5 A 3 L,
. , , ” \
5.1 5.0 53 59 . 5.1 52 ° s2  5od-
0.2 *0.3 0.2 "~ %0.5 0.4 20.2 0.3 *0.3. 0
MAP 91 . B84 % 88 © 88 85 85 o1 88 .
hiy) h ) N I3 bt} iu.°’i2‘ Iy s e
. . . x : > .
SW 84 1 93 108 * ' 75 86 90 9
| 6 %6 *6 s . tg ks e X5 o
S s )
I b . ' . 'é"‘, '
: . fg" . ) o '
Values are expressed as means. SEM 'HR - heaﬁ& rate (b min 1%};
SV = SCroke volume (ml’beat'l) CO - cardlac output (1 min y);'m N Jf;\ :

-, L
- . < vl

MAP - mean arterlal pressure (mmHg) SW = stroﬁa‘work (g m) ’ij 

* = pre vs post data 51gn1ficantiy different (g 05)..

- : . RTINS
. = -8 PR
. o
3 P P ¥ A
| e Lo B ot
e . LR L e . e
i ' ‘ﬁ@%”b SR LAl
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;?}ble 4 4 The cardiovascular response ‘at a workload of 130 watts on a

..,r_l

igb}cycle ergometer. v '

o

v

A

“Control - Cycle | HCE HCT.

sub : max
_Pre ~ Post Pre Post - Pre Post Pre Post
vo2  1.82 . 1.80 1.86 1.87 1.83  1.80 1.83  1.87
t0.06 *0.05  *o.02 *0.02 *p.03 *0.04  *0.03 .%0.03
HR 134 135 122 110 * - 138 123 * 133 125
6 te - Es 3 o K ) 3
sV 100 99 110 . 122.% 100 :3;11 * 103 110
+, +, 5 A A 33 3 e 7
o 13.2° 13.2 13.3 13.4  13.6  13.6 & 13.6  13.7
0.1 to.2 *.1 0.2 _*02 o7 .2 "%0.3
MAP 105 99 101 92 * 100 9% 111 104 =
) ) .4i3 - ) -, X3 il
SVR 634 600 608 554 587 . 553 . 651 618
3, i 217 A17 5P 220 T E19 313
RPP 217 211 183 * 224 205
12 I 15 t 7 *6
SW 143 133 * 142 155 155
4 7 4

-]_)

Values are expressed as means * SEM. HR = heart rate (b'min

SV = stroke volume (ul'beat-l); CO- =~ cardiac output (1'min'l);

MAP = mean arterial pressure (mmHg);‘SVR = systemic vascular resistancer

(dyn's'cm’s). RPP = rate pressure product (HR x SBP x 107 )

SW = stroke work (g’ h) % = pre vs post tralnlng data 51gn1f1cantly

i

diFEerent (p<0.03)./ - ‘ ' ;f °
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4
/

Table 4.5. Changes in Vo, max. expressed in absolute and rélativé)térms»

over the eight week study period.-

o

'

Group V0, max - ' : 202 max
f1-min'ly © (ml kg l'min™ D
o PR , .
' Pre ' Post Pre Post
¢ oL .
Control  2.52 ¥ 0.09 . 2.47 £0.10 30.7 £ 2d 30.0 £ 2.2
: ‘ . _D :

Cycle. 2.80 ¥ 0.09. 3.22 £0.10 * 33.0 ¥ 2.5 38.3 1.1 %
HCT, 2.68 X010 . 2.91%0.11 % 313.1 %11 35.9 £ 1.3 ¢
HCT, . 2.66 £ 0.08 " 3.01%0.15 % 11.3t16 356 1.4

Values are mean SEM, n = 8'per.group. * pre vs post data significant]y

-different%(p<0.05).

& -
Eo
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Table 4.6 Cardiovascular response maximal exercise on a bicycle

! ergometerit
. Control Cycle HCT, 4, HCT_
Pre Post Pre Post Pre  Post * Pre _ Post
HR 167 167 172 168 171 167 167 168
by b\ ia. 4 v t5 ‘ t, hy} _il
sV 100 99 109 123 % 100 112 % {92 110 *
E R ) +, 4 *4 * 1) =)
Cco 16.6 6.4  18.6 ~ 20.6 * 17.1 18.7 * 17.1 18.5 *
X070 %07 0.6 *.5 *0.7 0.7 0.3  Fo.4
MAP - 115 109 116 112 112 110 121 . 117
by 3 b Aiz . L R A )]
SVR 558 536 502 440 526 477 568 513
19 - 25 1 114 1 /Y] *17 12
Lo : A
RPP 322 306 336 319 3257 319- 361 2336
: 1 10 10 12 *14 15 i X0
SW 156 146 171 189 * 152 166 * 170 © 177
g ¥ S g s
Values gre expressed as means % SEM. HR = heart rate (b'min;l);

l) l).

SV = stroke volume (ml'beat™™); CO = cardiac output (l'min”

MAP = mean arterial pressure (mmHg); SVR = systemickvascﬁlar resistance
i/;;! 2
(i )
gﬁS@:ﬁ;lﬂfbke work (g'm). * = pre vs post training data significantly
different (p<0.05).

gfqgfs);'RPP-é rate pressure product (HR x SBP x 10~



60

Table 4.7 Changes in Peak torque (N'm) following training.

Angular Ve}ocity
)

(rad-'s
Extension ' ‘ Flexion
1.05 , 3.14 1.05 T 314
Knee Pre Post Pre Post Preé Post Pre Po
Control 199 190 101 104 104 99 75 80
’ 14 *16 3 hafs ts = o) 4
Cycle 188 200 * 110 110 111 121 78 82
15 ¥ 6 &) g, 6 6 3
HCT,, 176 216 * 100 130 * 103 127 71 87 -
I g %3 4 4 6 s %
3
HCT .. 187 209 *  105.. 137 % 100 119 * 72 a1
*12 9 4 A 15 4 Y, B
Elbow
Control 53 54 31 32 44 45 30 29
3 Ik ) ) 3 1y ) 1
Cycle - 53 55 732 36 53 . 50 34 33
- ty o T h ) 3 251 )
‘Hcmgub 53 59 . 32 40 * 54, 62 * 29 37 -
*, *s5 ,\tzia * e 13 x, *
HCT ., 50 56 30 37 * b4 60 * 30 18
A R s 0 13 ¥ 3 ) 1

1

~Values are group meéns % SEM expressed in N'm. * = pre vs post data

significantly different (p<0.05).
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Figure 4.1. Accummulated work over three 20s work bout of knee

extension/flexion exercise at 3.14 rad’s'l.

* = pre vs post significantly different (p<0.05).
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Figure 4.2. Accummulated work’dver three 20s work bout of elbow

1

extension/flexion at 3.14 rad's . * = pre vs post

.

significantly different (p<0.05).
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Figure 4.3. Changes in the stroke volume response to exercise
in the Control (A) and Gycle (B) trained,
,grodpég * = pre vs post.data significantly

different (p<0.05).
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Figure 4,4, 'Chéﬁges'iﬁ the stroke volume response to exercise:

o

LI w2

-

,(B) trained

#in the HCT_ ;' TA) and HCT

sub”
groups. * = pre vs post data significantly different

. ’ “ "’\ v k
T, (p<0.05)

¢ - »
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© CHAPTER 5 -
HYDRAULIC CIRCUIT TRAINING FOLLOWING CORONARY
- ARTERY BYPASS SURGERY™
L]
'Introduction
Aerobic exercise training‘hés become an integral part ‘of cardiac
rehabilitation over the past thirty years. While there is little-
doubt - that aerobic exercise tfdining will enhance systemic oxygen

dptake (6), the nature of occupational stresses, and the absence of a

A

significant cétdiovascular crossover effect with' aerobic training
callé into question 1its bréctical benefit. For .instance, the
ﬁhysical demands of vocational energy expenditure are usually low,
Al . ’ .
involving -submaximal muscular efforts utilizing the upper extremeties
(10). Few occupations require sustained walking or jogging.(lojﬁ
Thus, factors other than aerobic energy expenditure constitute the
o S -

major physical stresses in daily .living.

Given that 'improVed exgrcise.'tolerance is thé practical

: 1

foundation of exercise rehabilitation programs an examination of

alternate training modes has merit for cardiac patients who want fo

8

* A Version of this paper will be sdbmitted for publication.
Haennel ,R.G., K.K. Teo, H.A. Quinney, and C.T. Kappagoda. Hydraulic
circuit training followiné coronary artery bypass surgery. Journel of

the American College of Cardiology, 1988.
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return to occupations requiring moderate levels of manual labor, or

; freqﬁent lifiting. ‘

»

. Circuit training is a form of strength trainihg in which a

~serles of exercises are performed with resistance devices 1in a

predetermined sequence. Short work bouts, which incorporate 10 to 20
K ; ' .

L] . . . N
repetitions of - each exercise are alternated with relief intervals.

There are several practical advantages to hydraulic circuit training
e ' ‘ ' »

for cardiac patients (22). First, the equipment is capable of low
power outputs with smaller muscle groups. which should limit the

demand for an increase in myocardial oxygen uptake during the actual

a

: % ' .
exercise. Segond, hydraulic_re51stancé§%evices work the agonist and |

L

antagonist muscle groups concurrently and accommodates tor the force
: Y : :

K4

produted over the range of motion, thus optimizing Both éxercise time
and intensity. Another feéture of this equipment relates to exercise
skill requirements. . Hydraulic devices are passive, thus minimizing
the risk of muscular and joint st%éin which can result from efforts:
to control an applied qugg (i.e. 1lifting and lowering weight#):
Finally, hydraulic circdit training = is perfofmed in an interval

N

fashion, so as to attenuate the need for a sustained stress on the

L4

cardiovascular system (25)
Traditionally, strength  training ° exercises' have not °been
included 1in’ cardiac rehabilitation, because it was felt that such

exercise produce  1schemic changes, and increased’ myocardial
o ] i o .

4

irritabilic§ 3. Howeverl'more recent studies have demonstrated the

relative safety of wéight carfying (8,30) and ki;édit welght training

L

exercises ’(19,27,33) among selected cardiac. patients. The additiéh
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“of ‘hydraulic circuit training to medically supervised " cardiac
- exercise programs may enhance thé”patignts' ability-éo meet ﬁany of )
the physical demands _assqcféted with their daily acti?iﬁies. Data
has been ﬁresented to . suggest that‘hydraulic circ;ié;trarning will
'regult in improved |, muscular strehgth, endurarice, and aerobic powef”
of previouslybuﬁtrainea middle-aged men (see Chaptér_&).~ However, it
is not known whether hy&raulic circuit qxgiﬁing will® elicit
_improvements in cardiac rehabilitgtion patients. . -
The purpose. of ﬁge present st?dy was to define the chahges }n
maximal éerobiq power,'induced 5y hydraulic cirquiFstraining, and to
compare them ‘with tﬁe effects induced by a convenéional'aerobic

exercise training program in a group of patients recovering from

coronary artery bypass’ surgery.’ ~

Methods
}

1) Subject Selection’”

Eighteen male patients reqévering'ffrom coronary artery Bypass
surgery participatéd ‘in this study. The patients Qerg instruc;ed as
to the nature of the study and informed consent was obtained. Prior
to .tréining a medical\ﬂhistory, vphysical examination (Appendix C),
. N

resting ECG, and a Symptom Limited Graded Exercise Test .(SL-GXE7 on a
bicycle ergometer were performed. Twelve of the patients were
A '
;o o . . .
randomly assigned o _elther a cycle or circuit training group. Their
N 1 . ki ' L

- results were compa:ed with the responses from six patients who

t

volunteered to,,‘@erve as & rcising control group.
4 . . . . . )




i)

2) Measurement of Maxihal Aerobic Power

Maximal aerobic power was assessed by . meaeriné the
symppom-limiggd maximum oxygen uptake §SLnV02 max) achieved during
a SL-GXT on a bicycle ergome;er"(model 740, Siemens Electric Ltd.,
Mgséassgaga Ontario). All’pétients:were familarrwith‘the apﬁaratus: a

‘»‘)‘ .
' Thé; initial workload was set at 30 watts (W) and increased by 20‘W '
every 3 ming}esl until one or mpre of the following end points was
achieved: a 1e§eliné off of, .Jffjgecreqée in VO, with incréasing'
iworkloads; -;ttainment of 85% age predicted maximal heart rate; severé
dyspnea; volitional exhaustion (Borg scale reading >18); chest pain;
dizziness; electrocardiographic evidence of ischemia;’of_an abnormal
blood pressure response (32). The V02 was measured at each
workload using a confinuous‘“flow technique (1). The highest Véz

value obtained during the SL-GXT was reeorded as SL-VO, max.

3) Measurement of Cardiac QOutput"

. St;pke volume (SV), cardiac optpug (CO) and heart rate (HR) were
mea§ur§d kby impedanée cardiogfaphy (Minnesota fﬁpedance C;rdiograph,'
model 304A, Surcom Inc., Minneapolis, Minnesota). fhe.use of this
technique has been validated iﬁ this laboratory for endurance_traiﬁed

- young male subjects and cardiac patiénts, both at rest and duringt
a5 . R ¢ . ) .

'

eiercise (31) =
Regdiﬁgs were made .at rest and immediately (wi;hin 3s) upon

completion of eacﬁ, * workload during the SL-GXT.. During the

measurements, subjectsv were required to hold their Sreath‘at normal

end-expiration to avoid artifact due to respiratory @ovement. The

évérage of five cardiac cycles was used in the calculation of SV.



P\“

‘Blood pressure was mgasured,. using a mercury sphygmomanometer

‘during the second Sinuté~of each stage of the SL-GXT. The following
R . - . .

)

P

‘parameteps ~ were calcuﬁeted ﬁFom the primary measurements; ' mean
" arterial pressure (mmhé) was :-calculated as -the diastolic blood

,pressure + 1/3 pulse pressure; systemic vascular resistance

(dyn s cm” ) was estimated .hy dividing mean arterial pressure
{MAP) by GO and then multiplfing by 80 (13). Left ventricular'stroke

work ké”m), which was used as .an {EndexA of lefﬁ’ ventricular
function, was calculated‘ by the, modified formula: SV“(ml‘beat'l)
X MAP (mmHg) x 0.0136 (13). The rate pressure product was calculated
by multlplylng heart rate and the systolic blood pressure kHR x SBP x
1072y, |

4) Meésuremeht of Muscular Strength and Endurance

Co m
A Cybex II Isokinetic dynamometer (Lumex, Inc., Ronokonkoma, New

York) equipped with a two channel recorder was used to measure

muscular strength and endurance. : Measurements were made during a

series of knee and shoulder extension/flexion exercises Prior to

~the assessment the subJects were famllarlzed with the system ‘and the

rpquired limb actions. Limb allgnment and stabilization procedures

-

X
were standardized for each test. In order to minimize artifactual

'tOroues or the torque_ "overshoot" the first extension and'flexion,
torques from each series eere omitted from/‘the results, and an
optimal damping setting of 2 on the Cybex‘II ehart recorder was used
2(29). Muschlar’ sttength was defined as the 'peak torque (Nlm)i
recorded during a given exercise: The assessment of muscular

strength was completed at two velocities, ©1.05 and 3.14 rad's’l.

r
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v

In all cases, the 1.05 radfs'l

test was conducted first, with a
minimum S5 minute recovery interval before the 3.14 rad's'l test.

_ Muécular_ éndurance was ,defiﬁéd as the total work (kJ) accummulated

=) v ,
over three 20s bouts of exercise at ‘3.14 fad‘s’l, and was

estimated By. calculating‘ the average torque (the area under the
tordue curve;‘,u in N'm's--l divided, by the contraction time;_in s)
and then mult{plying it by the angular displacement (rads) (28).
Uponu completion of a givgn exercise the recordings of the torque
cér;es were examined to ensure that the‘%ﬁbJect had exerted a max1mal

effért, which 1is characterlzed by. 5',gradual degredatlon of peak

torque height with repeated contractions.

-

5) Training program

| Upon completioﬁ. of all prelimiﬁary ‘assessmenﬁ@,-ﬁﬁe‘training
suﬁjects were randoqu allocated to either a éyclelﬂtf;ining-of
circuit training program; The cycle training group exercised on
bicycle ’ergometers;;fgr 27 minutes at a workload that corresponded ﬁo

70-85% of their heafb rate reserve (17). .

Thqse Subjects assigned to circuit training exercfsed on a three'

‘ stations hydraulic resistance deyice (Total ‘Power unit Hydra-Fitness -

Canada- Ltd Sherwood Park Alberta). The following movement patterns

were employed: knee extension and flexion; elbow extension and

flexion (chest exercise)é} shoulder extension and flexibnmi Stations
were arranged so as ‘ﬁ?o exercise the upper and léwer body
. a

alternately. The circux;%%@bn51sted of three 20s work intervals at

3

each station with a 1:2 work r 1‘ef ratiq. Subjects compleﬂbd 3

circuits per day. The circuit td" ng corresponded to 70-85% of che



maximuﬁ repetitions possible .for a given exercise and cylinder
éetting. . The initial cylinder settings were such that the 70-85i of
the maximum repetitions‘ possible correspénded to 12-16 ?epetitions,
for the chest and knee exercises, and 8;12 repetitions for the

shoulder exercise. ~ The maximum -repetitions for each 20s work
. N

interval was established prior to training and was reassessed at-the

completion of weeks 3 and 6. The adjusted programs were used for the

subsequent weeks of training.

6) Cardioﬁascular Response to Maximal Hydraulic Resistance Exercise

- B —
.

Over ,;hé two weeks immediately preceeding training, all subjects
‘were familarized with the cycle and circuit training prggrams.” Upon
completion of the familiarization period the cardigvasculgr response
. A
maxi?al hydraulic Tesistance éxercise was assessed. ’The'gxerciSe
session consiited ‘of> three circﬁits. Each circuit qé%bkomprised of
chest, knee,” ané shoulder exercises The subjecég completed the
maximum number ‘of : petitions possiﬁle during a g£§ln_work interval.
Eaéh exercise inéorporated three 20s work intervals, with a 1:2
work:relief ratio. Simultaneous measurementé of VO,, and CO, wépe
;ecorded at ﬁhe COmpléii&ﬁi of the thirdr'work interﬁél of'eacﬁ
exercise. The blood‘pre§syfe'}ésponse w;; measured using a standardd
sphygmomahqmeter during completioﬁ:f of the bilateral knee
. q",

extension/flexioﬁ exercises. The, data presented represent the

averaged values for each exercise over the three circuits. »

7) Acute Response to Training Sesgions.
The HR and blood presspfe responses to the various training

/ :»:" Y * 3 B
regimens were monitored during each training session. The HR was
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monitored continuously using '; “CMS lead, and a single ‘channel
electrocardiogram (Critical Care model 1284, Kontroﬁ Medical Ltd.
Zurich Switzerland). Tﬁe blood pressure response to training was
assessed using an electronic sphygmbmanometer (Thfrasonde, model
D4000,‘ Puritanréennett‘Canada‘Ltd.; Vancguver British Columbia). For
the cycle training gfgup HR and blood pressure were measured during
stgady state exercise. | For the circu?t training groups, the HR
response was ‘recorded imme@iétely upen égmpletion of each.work and
relief interval. The blood pressure giggonse‘was assessed during
A

completion of the bilateral knee extension/flexidn exercise.

8)/ Statistical Analysis

s
b

The comparison of the pre and post traihing measurements was

3

- S
made using a 2 way analysis of variance (4)." A pi¥wobability level of
p<0.05 was accepted as the minimum value for statisé?;al significance

. L oy
between groups. For” a given variable if a significghg F value was

L
At

obtained, a test of Least Stgnificant Difference was péfﬁggmed to

s

assess the signiffcaﬁce of the specific differences among the #ERH .,

. L ‘ o +
values. The data presented aré expressed as means- — standard error

of mean (SEM).

Results

The study was completed on 18 male patients recovering from

coronary artery bypass surgery. Mean values for théir physical
characteristics were: age 52.0 ¥ 2.9 yrs; height 176.4 2.3 cm;
weight 77.9 t 3.8 ,kg.' The VO, max for the group, assessed or. a

bicycle ergometer was 1.61 * 0.09 1'min"l. - The features of th-

X

Y
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individuals in each of the three groups are given in Table 5.1.
There were no significant changes in bgd{ mass, for the cycle or
ciréuit tréining groups, over the course of the study.

Acute Response to Hydraulic.Resistance Exercise-

The ,cardiq?ascular response to maximél hydraulié resistance
exercise was compareq Qith tﬁe values observed at maximai exercise
during thé.'initial SL-GXT (Tﬁble 5.2). The mean VO,, for maximal
hydraulic ‘resistance exercise, represénted 60% of thé-SL-VOz‘max
demonstrated | at the pretraining SL-GXT. = The corresponding HR

d

response évéraged SGX of the wvalue achieved at maximal exertion
during the SL-GXT (p<0;05). The CO response was significantly
iﬁcreased during éhé hydraulic resistance eg;rcise (p{0.0S), however,
th; values achieved during the chest and shoulder exe%cises wéfe
lower than fhe.maximum CO observed during the SL-GXT (p<0.65).

Tﬁe compérisoﬁ of the'bilatéral knee extensfon/flexion exercise
with the SL-GXT revealed that MAP, SVR, and SW responses were

Y _
comparable, whereas the calculated rate pressure product was lower

during the hydrauch.resistance exercise (p<0}05);

Acute Cardiovascular Response To Training Sessions

During tﬁé exercise ses;ions the two training grﬁgpg attalned a
mean  HR .of  85% of maximum . (Table 5.3); The HR and MAP response to
training '£é£,_thé cycle and circuit trgining groupé represented a
similar:i;é;;entage of the méxiﬁum values observed at the pre-training
SL-GXT.:{VITBQ rag; pressﬁre ﬁroduct, calculated from the training‘HR

and SBP data, also represented a similar percentage of 'the maximum

values observed at the. initial SL-GXT. *&
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. _ 4 -
Cardiovascular Responses to Training

a) Rest. Following training the resting HR was significantly lower

in both the cycle and circuit tfaining groups (p<6ﬁ05). "Fou the

cycle trained group the reduction in HR was associated with a

significant increase in SV (p<0.05).  There were no significant

changes in resting HR or SV for the control group. The efﬁeets’gf//

the training programs on selected cardiovascular parameters at rest
are presented in Table 5.4,
b) ' Submaximal Exercise. The cardiovascular response to submaximal

exerclse was assessed at a power gutput of 50 W. Following training

the t;o exérciging groups demonstrated a significant reduction in HR,
and, a cor?esponding increase in SV (p<0!05).' The training groups
also démonstrated a Significant reduction, and in tﬁé calculated rgte
pressure pfoduct (p<0705). No significant changes swere observed in
any ‘of' thé-mqﬁitored cardiovascular parameters for the control group
‘;'(';T'ab}l_e's.f)). | ' S

Q§L¥Maximal Exercise. The VO2 max (Table §{6).;as‘signiffként1y

increased for both training groups (p<0.05). The increment in VO,

max was similar for the two tréining groups,and'wés associated with

an 1increase 1Iin the accumulated work at the posti training SL3GXTF

v

(p<0.05); At maximal exercise the HR did not change significantly
‘fok..the contxol or training groups. ' The maximal SV was significantly
idﬁ?g;;ed fo; both training groups (p<QJ05). As a result ofvthe
increase in SV, the' maximum CO was significantly increased for the
training groups (p<0.05). The effects of the 8 weeks of training on

Ls

the selected <cardiovascular variables at maximal exercise is

A
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. of knee extension/flexion, at 3.14 rad's’
3

82

b
presented in Table 5.7. '

7

a) Knee Extension/Flexion. Alterations in peak torque consequent

to the training programs are presented in Table 5.8. For the circuit

training group the peak torque recorded during knee extension/flexion
“ . . °

at 3.14 réd's'l, and knee flexion at !both velocities (1.05 and

3.14 rad's'l) was .significantly increased following training

(p<0.05). The mcycle trained group demonstrated an increase in peak

1

torque .during knee flexion at 1.05 rad's * (p<0.05). There were

‘'no significant changes in peak torque for knee extension or flexion

in the control group over the study period.
b) Shoulder Extensiaﬁ/Flexion; Following training, both the cycle

and circuit training groups demonstrated an increase in peak torque

during  shoulder extension at 1.05 rad's'l ,(p<0.055.3 At the
faster velogity (3.14 radis'l) only the 'circuit training group
recorded a significahfnlincrease in peak torque (p<0.05). A

significant increase in peak torque during shoulder flexion was
recorded in t%f circuit training group at THE 3.14 rédis’l
velocify (p<0.05). - No changes in peqk torque for shoulder

-~ “ %
extension/flexion were observed in the control group.

c) Work. The accummulated work recorded over three 20s work bouts

l, was_increaseg‘for the

two training groups (Figure 5.1). The .cycle training group
av .

~demonstrated a #1171 increase whereas the circuit tré&ning group

demonstrated a 29% increase (E<0'05)'

P

For the three work bouts about the shoulder (Figure 5.2), the
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cycle training group .recorded a mean incr
. “ . N ' -

g261 (pgg.OS). The
" circuit training group demonstrated a éignif.
. “ /

kntly larger increment

_ (45%) over the study period (p<0.05).

+

Discuiiiz:;] )
The “present study was undertaken to determine t§e~efficacy of

hydraulic c¢ircuit training on the muscular strength, enaﬁrance, and
N o

-

. S o
maximal aerobic power of patients recovering fﬁpm coronary artery
bypass surgery. To achieve this objective the eff@ccs of hydraulic

circuit  training were compa{éd with the hemodynamic changes

associated with dynAmic exercise tra?ning on a bicycle ergometer.
The responses to circuit training included a significapt increases in
maximal aerobic power, muscular strengtht and muscular endurance.
The prigciple hemodynamic responses to circuit training included ;n

increase in maximal CO, and SV, as well as a relative bradycardia at

2

rest, and during submaximal exercise.
Acute Response to Maximal Hydraulic Resistance Exgrcise. The
relative VO, and HR responses to maximal hydraulic resistance

exercise were similar to those reported by Katch et al - (18),

s

suggesting that the magnitude of the éxygen cost, and HR.response to

3

hydraulic resistance exercise is sufficiént to promote improvements
in maximal aerobic power 1in post cor&Pary bypass surgery patients.

The diéproportionate increase in HR, - relative to VO2 (85% vé 60%
o
respeézively) may : be ﬁ\iftributed to an increased sympathetic

N

stimulation secondary to elevated plasma catecholamine levels duying

' upper = extremity strength training exercises (6,16). The increase in

2

"
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L | R -,
\‘ - . \'

SV during the hydraulic resistance exercises 'resulted from an

: o v v
a .

relative pfeload, and mvocardial cgntractility (5).

~increases in th

The HR, CO, and{rate pressure product respo.i.g, to maximal hydraulic

L-GXT. Present findings suggest, that by stressing
smaller muscle groups, one at a time for relatively short periods,
this form of exercise did not precipitate the sustained heavy demands

on the central circulation that were seen during-maximul exercise on
. 1S .

ey

Submaximal

«

It is generally recogmized that aerobic

‘training pfgédées ce" tain well definedﬁchanges considered to signify

ity

a gain in cardiovascu..r fitness’ The best known manifestations
include  a reduction in both HR and syétolic blood pressure at
. RN

submaximal ievéls‘kof ék&;tion (6,11,14). Thus, the same degree of
external work can be undertaken by these patients while gengrating a
lower rate pressure product. After a périod of training patients a{e
able to achieve a greafer work cdpacity while attaiping'the same rate
‘pregsure product as before training (6,14): The‘daté obtained in the
pfesent study are in agreement with these general trends.: Thése
findirgs indicate Lthat hydfa§1ic circuit training is as effective as
cycle training in enhancing cardiovascular fitness iﬁ patients
recovering frqm coronary artery bypass surgery. c

VOzmax. The to date have focused. on the

IR
o
gl

adaptations of pos@g@%

training programs.  ~ The 18% increase in VQ, max observed in the

"cycle  training group was - similar to that reported for other

pany



r
surggﬁghiz treated patients following cycle "fraiﬁing (14). The
£

finding aﬁ 18% incréasé? in V02 max (l'min'l) for the circuié

training group has not been reported previbdsly._ This finding is,

‘ however, Aconsiéten§~,w{éh resulgs reported by Kelemen et:al (19), who
: - . .= 7 C

" noted a 12X increase ‘in treadmill time améng cardiac paiients-who
3 : , - .

completed a 10 week circuit weight training progfam. . Present

——

findings are alsg in agreement with previous geports in healthy

individuals (see Cﬁapter 5;12,34).

G

* ‘ L. : k3 I3 I3 I3 -
. The similarity in the magnitude of the increase in VO, max for
the cycle and the circuit training groups was ' not anticipated.

Previous studies (16,18) have suggested that the enefgy"expénditure ‘

associated with circuit weight training (16) or hydraulic rgsistance

exercise. (18) 1is lower  than that calculated for dynamic exercise.
. & . .

Indeed our assessment of hydraulic resistance exercise in post

coronarygsartery bypass patients (Table 5.2)is consistant with this
4 , - ~
view. Therefore the overall st%mulus for aerobic' impravement in the
- - - .

circuit training group 'should‘ have been lower. The fact that the
_cycle and circuit trained patients improved to a similar degree

suggests that, for ‘patienfg with low aerobic capacity, activities
4 { :

with lower oxygen costs may be fncorporated into an exercise program
designed to enhance aerob§s power (6%,

while" the HR, MAP, and rate pressure product responses”to the

a
¢

’ .
cycling and circuit training were similar (Table 5.3) it is important

\

to nofe that, during the hydraulic circuit training, this level of

cardiovascular stress was maintained for ‘only _20; periods, which
v } ) . . i
compares f;vorably with the sustained stress associatqd with the
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.

improvemer}t in maximal aerobic.power in post coronayy.artery bypass

- <

patients can be achieved with short repeated bouts of exercise

.inbolving relativély.smdll muéclergroups. . o d{

Possible Mechanisms._\ Any increase in VO, max seén as aifeSult of
training ‘may be attributed to.changéé in maximal CO and'arteriéVenous
oxygen difference (a-v0, dIff). For mo:t /capdiac patients a
widening of éhe a-v0, diff characterizes the adaptive response to

aerobic ‘training (6,9,24,26). The failure, to observe a widening of

the a~?02 difference in the present study may be attributed to the

' iength df the training program (6,24). Further, data on bhéngés in ’

the . ox}détive‘ pgéential of skeletalbmuscle, following a Qariety of
_skrength training programs has been inconclusive {7,15,20,21). ‘

A§ maximal HR did Aot change over the course ofvtﬂévstudy, the
increaseT in ‘maximal‘ CO observed in thg' training groups ‘Qay be

attributed to an increase in maximal SV (Figures 5.3); The increase

.in SV observed in the cycle tralned patients is in agreement with

previous reports on dynamic training following myocardial infarction

-

(7,13,24). This increase in SV is generally dssociated with

-relatively high iu:rnsity  training .programs, and attributed to

increased diastolic filling (6) and imprerd myocardial cbntractili;y

T(13). " The finding of. an 1increase in SV with hydraulic circuit

training is consistent with report
I N :

from healthy individuals (Chapter

4;12). These findings suggest that the fundamental response of

patiénts recovering»froq‘gagon y artéry bypass surgery is similar to

that of healthy individuals.

- !

cycle trdining ppogram. The”{ﬁflication of these finsyngs is that-
' 5w : N ‘



N . . N -

The training-induced increase in SV was assoCiated with a

resting bradycardia as well as a decreased HR response to submaximal
a

workloads '(Flgure 5.3). The resting bradycardia may be attibuted to

t o

increased vagal ‘tone following training (5).. " The reduced HR respbnse -

to the variois levels of submaximal exercise was mediated by a,

combination 'of; incréased parasympathetic “tone and décreased

sympathetic activity (5). _The decreased sympathetic”activity at a
: kS ]

given' absolute submaximal workload may be- attrlbuted to reductions in

——
.

central.command and systemic metabolic demand following training (5).

Muscular Strength and Endurance. 'Compared to the control and cycle

trained. groups, the circuit trainidg‘group demonstrated consistent
increases in peak torque aﬁd_ accumulated work - during Dboth- knee
extension/flexion, and shoulder extension/flexion. The increases in
muscular strength and endurance.dmav - he attribuced to structural,
biochemical, and neural adaptations (7,20,21). The gains in muscular
strength and endurance observed for the circuit training group were
similar to tnose reported- for circuit training orograms in cardiac
patients (19), or healthy indivrdualsi ﬂChaoter 4;12) . Present
-findings Suggest that patients recovering.fron coronary a ery bypass
surgery can safely particioate' in an‘ hydaulic circuit training
program wdtn the expectation of improving the muscular stxengtn and
endurance. ' o v . ‘%
Summary

‘The present study " indicates that hydraulic circuit_training is

effective in improving maximal(aerobic powkr of patients recovering

i

L |



y artery bypass surgery. The’fact that these adaptations
> J‘i . ' . AN B B

??SttirepeAted bouts of exercise which did not produce
TR g ,

a sustainegi#

.§§' égfrcise may,be_éiyiable engci;e mode‘for patientsﬂyith

‘left ‘ventrimi¥ar dysfunction, or wﬁb\;san tolerate inynarliﬁited_

%, dépand on the ‘central circulation suggests that
ot - B ) :

3
o

i L

_ " ’ | ‘ - :
amount of car@éayas;ular,stress. "The addition of a hydraulic circuit
training to medically supervised cardiac exercise programs should

enﬁance the pat&en;s "ability to meet many of the physical demands

3

associated with their daily activities. -

y

¥
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Table 5.1. Pre-training ¢haraetéri§tgfs‘of the patients. .

> : i . Y T -
j . ] :

\

K

"Control N SCycie Co Ciiiuic ;:~‘_f345

t

I+
w
—

:

i

AGE (years) . - s3.3% 1.4 51.7 4.3 © , 51.0
22X

J+

Height (m) 178,025 '175.5

o o
Weight (kg) ( . .82.9 3.3

I+
Py
w
5
N
s
I+

Previous M.I. =~ ' . 3_ﬁ : 3

Beta-receptor blockers 2 1

| Weeks-postRQprgery‘(mean) 9 \ 9

B . N -
3 3 4 v

'\ “ . . ) {': . PR
J - - - ; 7 L"3 - ‘ e

Valueg are expressed as means i'SEM,fN'- 6 ‘per group..’

Q

5 L ) ) . B - ) .
: . N Y . . .
e, LT A . N
. g ’ Co . o SRR
.o . .
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. Table 5°2 Cardiovascular resporise to maximal hydrzulic resistance

. g
exercié@@' 4 )

L o /
. '{: PP | ~ ,
"REST  SL-GXT = HYDRAULIC RESISTANCE EXERCISZ
e ' - Chest ' Knee -. '+ Shoulder
Vo, 0.3 a 1.6lc- ° 0.92b. 1.02b . 0.97b ,
*0.08 %0.05 10.05 .« *0.05 *0.09
HR 82a 138 c 115 b 118 b 122 b
\ 13 eI %6 s 6
sV: ,70a 100 b 91 b 102 b 96 b
b 4 tg iy ¥y
J .
co 58a 13.9c¢ .- 10.5b 12.0 bc 11.7 b
- 3.3 1.0 1 1 1.2
" MAP 89a . 12b i A 107°'b .
) bt L S 4
TSVR 129 a 651 b - o - : 717 b -
*63 $29 » " 7 ’
RPP 98 a 23%6 ¢ - 177 b ;
L N SV : ~ *10 |
SW 86 a 156 b T 1) U : .
t, s, S . g '

1 1);.

); HR = heart rate (b'min’

L 4

N - 18. VO, = oxygen uptake (1'min”

- S8V = stroke volume (ml'beat’l)ﬁ CO = cardiac output (1'min'});

MAP -Ameaﬁ arterial pressure; SVR = systemic vascular resistance »
(dyn's'cm's). RPP ~ rate pressure product (HR x SBP X 10_2)
SW = stroke work (g'm). SL-GXT ;¥symptomzlimited graded éxerciée test.

Values with'similar suffixes denote no sighificant difference (p<0.05).



\ ) . it
- /; ) - = ) -
‘ Cycle L A SN
HR (b'min"%) - . S 131 %3 108 *
(% of max) /o (87%) (827
| MAP (mmHg) 99 * s 96 *
(% of max)~ A C o (87%) (87%)
& D .
RPP (HR x SBP x 1072) - 199 * 8 176 *
(% of max) ; | (73%) ©(80%)

Vel

% of max = percentage of maximum value demonstrated at the

pre-training SL-GXT"
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Table 5.4 Cardiovascular paramefers at rest.

9

e

i . ~ .
Control ) ‘Cycle Circuit
Pre Post . . Pre Post Pre  ‘Post
HR 83 80 84 73 * 78, 67 *
¥ i3 .13 2 . .35 A
sv - 6l 65 A 88 * 72 78
1 *q ) _| b)) * g
co 5.0 5.1 6.2.. 6.4 5% % 5.2
0.4 " *0.4 0.2 0.2 0.5 0.\
-. i‘/ .
MAP 89 86 88 86 92 88
S 13 t ow 13 3
. : \
RPP ‘ 97 88 ' .97 86 . : 98 77
*q y i .t(, s 1 bl
Q ®
SVR 1434 1380 ° 1147. 1083 1357 © -1396
45 *91 t57..  1sg *100 t93
sw 73 ¢ 75 90 - 104 91 92
‘t[f hdy} , 7 > &5 i& iL}
HR = heart rate (b‘min'l);rsv - strbke volume (ml'beat'l); €O = cardiac

n

.

output (i'min_l);

MAP = mean arterial pressurﬁ (mmHg);, -SVR = systemic

-5)

vascular resistance (d%n‘s'cm . SW = strole work (g'm). * pre vs post

| B
v ~data significantly different (p<0.05). : : o
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Table 5.5, Cafdggvascular responses at a submaximal

workload OYQSOW.
e Aa

i Control ~ , . : Cyclé. ] ) Circuit
} . Pre Post . Pre Post Pre ’Post
) . A\
oo . ) : i .
vo, $ 0.94  0.97 091 0.92 - 1701  0.95
"_ .03 .03 .03 *0.02 $0.05" } *6.02
HR . 105 101 o101 - 9L % 100 87
3, 13 S ) 6 ,
SV 83 87 . 93 . 104 * 91 \\\}oo *
L A S 4 LN 4. \S;:ff
) . e . . . \ . V/A A.”’/-
Co ﬁ%} 8.7 8.7 9.4 9°.5 - 9.1 8.8
- %3 0.2 %3 $p3 0.7 7 *0.5
: (S . K ‘
MAP . 99 . 96 100 91 101 95
. h ) X! LA bt} - Xy *4
RPP 149 M8 ise 119 Lo le2 113w
- 10 *g : Y % C*12 g
\ ) . == X
#SVR 923 885 - 849 - 768 . ¥ 918 877
59 th 13 134 Y A Y
2 _ '
swo 111 113 127 129 125 130
ts %2 I o i %6
' \ Vi ‘
. - . v T
V0, = oxygen uptake (1 min'l); HR = heart rate (b'min7¥);
min ) p )

SV = stroke volume'(ml‘beat'l); CO = cardiac output (1'min'l

)

MAP = mean arterial pressure (mmHg); SVR = systemic vascular Fesist(ﬂﬁuf“
et

(dyn's'cm )

. RPP = rate pfessure product (HR x SB? X 10'2) “
SW = stroke work (g'm); * pre vs post data significantly different

(p<0,05) . | | B \
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Table 56 Changes in SL-VO, max over the study petiod. ~ L _
3 —~ l — : ' .
. ' o !
Control , Cycle Circuit
Pre Post ' Pre Post . Pre Post
. VO, max_ 1.56 161 1.64 193 * 1.61 1.90
(1°min’ly  *0.10 *0.08 v P00 *om $9.07  %0.10
. . ! e .
-~ max 18.6  19.5 22,7 26.9 * 20,8 24.6 %
f kg min'ly #1110 ot fie M4 e
Total Time 1.0 150 1.2 19:0% . 148 18.8 %
(min) . 0.9 %06 B T e e *o9 17
- - Total Work 940 1060 1157 1552 * 1047 1545 *
¢ ) N 5 | 177 127 00 - fhze 281
Highest WL 107 113 A7 w0 T 100 133 %
(W) 1y 13 16 Y g 112
“'$L-GXT Terminated o J NV {
Due to: - ) o : - ’
- fatigue A 4 1 T .73 : ? .
! VO, /RR. 1 1 A 4 2
~ Symptoms - 1 X 1 1 1 t : 1 -

* pre vs pWa significantly differept' (pkéOS).
P . +* X ¢ '

o



a

95

?\‘ ‘ ' - o ) ’ "‘ Y [
' . . _ ’ R
o Rl o : . B .
- .\ ) ~ o
Table 5.7 Cardio&éscuiaf’re%ponse\to_maximal»ef@fcisé. ot
' 4 . _ =
~ j/. " Control Cycle Circuit -
Vsl Pre Post Pre Post - . Pre ° Post
, L ‘
HR ~ 132 133 ¢ . 152 149 132 135 7,
. * hyA 39 Fr e . ha " oXgt
LS @ . 9 100 - 118 * . 106 b 116 *
g Ay 4 . 33 TR L 2 %,
o 12,5 12,780 15.1  16.9 14.0 1546
.7 -*0.8 .%0.5 %05 0.5
MAP 111 110 . 114 108
LA bt 4 s -
A Y
RPP - - 220 229 278 261
- 110 14 f-g- t11
SVR 728 704 606 511
*49 41 : 4 A7
sw 163 142 155 167
& s g - Y10y *12
— . \ N \
\

k-4

N

1 : CO = cardiac

HR =~¢heart rate (b;min’ ); SV = stroke volume (ml'beat'l)

output (l‘min'l); MAP-= mean arterial pressure (mmHg); SVR = sy§§emic

Ve
. . )
vascular resistance (dyn's?cm's). RPP = rate pressure product ' B
(HR x SBP x 10'2) SW = stroke work (g'm). * pre vs post data significantly
- different (p<0.05). %
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Table 5.8 Changés in peak torque (N'm) following training.

o

’\\\\\ > Angular'Veiocity L N
(rad's- ) -

Extension : ' Flexion
1.05 - L 3.1 1.05 S 314
Knee Pre  Post Pre Post Pre . Post Pre Post
Control 134 143 Vel s 75 69 52 S4
: ) *g Xy ) b *g ) *¢
Cycle 147 153 77 90 * 88 + -98 57 65
: 11 ) *s - %5 g *¢ B 3 by
Circuit 143 156 88 115 * 91 106 * 63 77 %
Y4 15 313 tg - %6 *g g *g
Shoulder
Control = 71 BL 52 - 50 50 46 i3 35
o hi3 &) te - 3 s S
Cycle 66 82 % 49 57 47 50 31 38
| S 2 W I o %5
Circuit 73 90 * 58 70 * 50 58 37 49 *

\

* pre vs post data significantly different (p<0.05).



Fij;féIS.l. Accumulated work Bver the three 20s work bouts of *

knee extension/flexion exercise at 3.14 rad's'l.

* = pre vs'post significantly different (p<0.05).
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Figure 5.2.  Accumulated work over the three 20s work bouts of

shoulder extension/flexion exercise at 3.14

1

rad's ~. * = pre vs post significantly

-affferent (p<0.05). ‘

’
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Figure 5.3.

Changes in the stroke volume response to, a graded
exercise text on a bicycle ergdmeter.
Panel A represents the Control group; Panel B the

Cycle training group; and>Panel C the Circuit

R < i
trainin roup. * pre vs ®Most training data
g group P g

significantly different .(p<0.05).
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CHAPTER 6 &%

GENERAL DISCUSSION

The rationale for considering hydraulic circuit training as an

-

alternate exercise mode in cardiac rehabilitation relates to the

. R s
physiological factors that llimit exercise capacity in bogp the

N
healthy individual, and the patient with impaired myocardial function

bl
Toe

due to occlusive corommry artery disease.
. L s
During' aerobic exercise with major muscle groups

position, the maximal level of exercise that can be performed is
‘ K 3 .
limited by two dominant factors; .the ability of the tardiovascular

<

in th; up&ight

system to- deliver oxygen to the exercising skeletal muscle; and the -

~
-

ability of the exercising muscle to extract oxygen from the blood for
use as fuel for muscular workqu}fS,ZS). When the intensity of
vfmuscular work produées energy demands that excegd the capacity of the
cardiovascular system to deliver, or the skeletal muscle to use
oxygén, >then exercise cannot be maintained for mo;e thaﬁ a few
minutes owingv to a rapid consumption of available substrate for
anaerobic glycolysis, a progressive accﬁmulation of lactate and\a
fall in pr, and 2 fall in high energy phosphate concentrations (13),
all of which limit continued muscular work. |

In the healthy individual, the increase in CO, that accompanies

&
graded exercise, 1is ‘attributable both te an increase in SV, and HR.

The augmented SV 1is wusually produced hy an increase (compared with-

resting values), in both the LVEF and LVEDV (3,5). Notably, the

Q;

«
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\

J‘fnhancement .of CO \and LVEDV that occur during acute_eieréise is

accompanied by only slight increases in the filliﬁg pressure (left
. -~ N N . :

ventricular- end-diastolic pressure, .or pulmonary cépillary wedge

- .
N

pressure) of the Jeft ventricle (3).

. B
The central cardiovascular adjustments td aerobic exercis@ ] R
R 3}‘%

patients - with coronary artery disease éypicélly differ from those

healthy individual in that the maximal values for CO, HR, and for #.P
are 13Verv (6)8).— . Ddring submax%mar exercise, the relatiopship
betweeé: CO and ' VO, a&;o tends to 'be reduced) Depending on.CGEF
competence of the lcft Qentricle, signs  or .symptoms of cardiac

dysfunction  may develoﬁ, reflected as 'puimonary éagillary‘
. ' : \
hypertension (dyspnea), myofardial ischemia, or arrhythmia (6;.
R : ) ’ ) : -’
Moreover, most coronary artery,disease patients e%hibdt some signs of

~

left ventricular dysfunction during aeroblc exeyciée,,iﬁcluding a

. .

decrease in SV at highéf workloads (11,20,22), reduced myocardial

contractility, and increased left.ventricular eﬁd diastolic pressure
(6). Mggspite the potential  for developing --{schemic-induced

arrhythmias aerobic exercise,(wabk-jog format) remains the mode of

4
v

choice i?/mosf cardiac rehabilitation programs.
4 1

) v
Left ventricular dysfunction during exercise refletts a
disparity Between myocardial oxygen supply and demand (5,19,28). The

major determinants of myocardial oxyge iptake (MVO,) are wall

. “ ' :
tension, the number of times each minute that tension has to be ™

)

developed, and wunder what contractile state that amount of work is

' .
being . done (27). Wall tensioq, in turn, is related to thespressure

o

m
generation of the. heart, and to the 3ize of the.left ventricle from

Q
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' . s id P
which the pres ure is befng geﬁerated (Law of- LaPlace) Thﬁé during

. D

aerobic exercise involving a Large muscle mass the 1ncreaseé\vuﬁ

B
return results in increased-vwall/pken51on and a greater MVOZ‘

-

Because the myoe;rdial a-v0, difference is near'makaal at rest,

N . . . ) - 1'.: R
very rittle -additional O, extractlon can take place during exerCLZ%c’

(5,6). Any substantial increase in myocardiaL oXygen demand mus&f'

therefore be met by increases in coronary blood flow, which may be.
compromised invcoronary patients. . .

‘Since the major problem in patientelvith ischemic heart diseafe
is inadequate cotonary' bloed flow, a reduction in preload should}

reduce MVO, and the risk of ischemic-induced a&;rﬁ?ﬁhgi§§;ﬂ\ By

o

exercising smaller muscle masses one at a time, the increases in

- LVEDV, ventricular radius, and consequently myocardial tensio% and

, MV02 would be reduced. Given the desire to limit the increase in
y : - .
wvpreload, and ‘the fact that the majorigy of the adaptive changes in

cardiac ~patients occurs at the peripheral level (6,7,25), it se~med

apppbpriate to. consider a‘trainihg mode which enables smaller muscle
groups to work at relatively high loads “without preeipitati;g a
sustained heavy;ﬂemand on tﬁe central cireulation.

This study 'was therefore undertaken to evaluate t?e feasibility
of hydraulic fcircuit training as an alternate exercise mode for
cardiac patients. ‘ Prior to assessing the. efficacy of hydraulic

circuit training in cardiac rehabilitation, an investigation of the

acute cardiovascular response to strength training exercises seemed

warranted. To this end, the»effects of veiocity and p*gigé‘mass on
. ) A ‘ Ve

cise was

thef acute CO and MAP reepbnse to maximal isokinetic e%

/
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iﬁveétiga;ed.' Subsequently, the éffect £ a &ﬁYdraulic circuit
t{;}pf%g program on the cardiovascular function of ‘untraingd
middle-aéed males was assessed. Finally, the”acute cardfbvasculér
response to maximal hydraulic resistance exercise was_iﬁbestigatga'in
a groups  of post. coronary artery bypass patients, prior to their,
participation in 'a étudy« on .the effifacy of hydraulic circu

) ’ . ’
training in cardiac rehabilitation.

Acute Cardiovascular Response

The acute cardiovascular response to aerobic and strengt
< ‘}-

training exe;ciée have ﬁ;;iiously been considered to be distinctly
: ~ . :
different “(17). Conventional descriptions of-the hemodynamic

differences - implies  that Ehe moder of contraction specifically

P

determines ., the response. However, -the characteristic hemodynamic
responses are largely based on experiments involving aerobic exercise

with large muscle groups *and isometric exercise with much smaller
L4 f - ;P“ .
N ) a——

muscle groups (10,17)i¢ More _.cent research suggests that many
- . /" ’ . .

features™ of the hemodynamic Yesponse and its regulation are common to

both modes of exercisev(4,16). o ‘ ‘

*

According to the conventional concepts the m&gnitude of the

o .

pressor, and "HR response to strength training exercises, .s

proportional to the .relative force and duration,6 of the muscular

\ . .
]

‘contraction’ (17), and independent bf the active muscle mass. Present

findings ' suggest that .the magnitudtvof the HR and MAP responses \§

influenced not only by the relative load but also By the active

muscle mass. The increases in HR and MAP during isokinetic elbow
~

% L .
extension/flexion exercises were qualitatively similar to thosi iien

e
w
o

»



values achived were smaller.
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10 )

during aaximal knee extensidn/flexionw exercises, but the absolute

FI
,

b ’ y 1 . . « =
Cne commonly expressed concern associated with strength training

exercises 1is that the rise in blood pressure may produce excessive

myocardial stress in patients with coronary artery disease (2). The

9

‘HR ,'and MAP response to hydraulic circuit training was at a percentage

of the' maximum value ohserved during maximal cycle ergométry; While

i

‘the blood pressure response to maximal hydraulic resistance exercise

approached that attained during aerobic exercise, the increase may

actually contribute to an increase in ,subendocardial perfusion and

myocardial .éxygen supply, offsetting some of theuincreésed myocardial
h \ ,

4oiygeh_demand brought on by an increase in afterload. (i&).

Q
. . . C
. For many wyears the pressor response to high intensity strength

4

training exercises was belieyed to impose excessive myocardiél oxygen

demands on _ca;aigC’ patients. ﬁecently this concept has been

‘

disputed, as investigators (9,12,14,26) have not found a greater

-

incidence of sArrhythmias or ischemic responses in pifqgg}s with
. ™ : v G

coronary artery disease performing stfgnggh’ training exercises,

compared with aerobid exercise. Within the limits of the present

study, - the rate pressure products were feduceQN;compared\to values -

achievede during»aerobic éxettise on a bicycle é;gometer.> Further, it

4
Sa L]

has' /p g; suggested that durlng strength training exercises, ‘the rate

pressure product may overestlmate myocardial oxygen costs (10}.

\

The lower® rate = pressure products during the 1sok1net1c?and'

hydraulic resistance 'exércisgé ~ reflected’ a lower maximal HR,

secondéty to a. reduced muscle'mass'(&r;é)e Furth&bu the fact that

a

Yo
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the level of cardiovascular stress was mairtained for only 20s

intervals during training, suggests that if ischemia is not elicited
¢

during maximal exercise on a bicycle ergometer it is unlikely to
appear during hydraulic circuit training performed at submaximal

repetitions with-a smaller muscle mass.

Adaptation to Circuit Training,

Although it 1is traditional to segregate the factors limiting

4
4

exercise performance into central and peripheral components, it

1

should’ be recognized that these two components are intricately

intertwined, and that this segregation 1is, to some degree an
artificial one. For example, in the present study training was

associated with an increase in maximal CO. This adaptation to
training would generally be classified és a central adaptation,
howevé;,, its morphologié basis may have bgen in the skeletal muscle,
ad not the heart. Exercise training results in increased vascular
onductance and maxiﬁal blood flow which togethe? are responsible for
the increased systemic vascular conductance during exercise in tle
. trained state; The increase in vascular conductance in trained
- muscles implies an attenuation in sympathetic'vasoconstrictor tone of
the local resistance vesséls, which in turn contributes to the
augmented CO. Presumably, the decreased sympathetic activattoﬁ is a
result of the increased oxidative capacity of the traiped muscle such
that the same absolute 1ével of exercise imepse; less of a relative
load on tﬁe muscle'’s metabolic system (23,24,25).

It is intriguing that skeletal muscle capillarization both in

_regards to magnitude and time course very closely follows the



4 | | ; 112
variation’ obse;ved for VO, max with physical conditioning énd'
deconditioning, . whereas the mitochondrial enzyme changes are much
more ﬁfonounéed, 'especially in the detraining period (1,25). The
role §f the capillaries 1is obviously to supply a surface area for
exchange of gases, substrates, metabolites and heat betwéen blood and
the muscle cell. Iﬁcréased muscle usage during hydraulic resistaqce
traini%g may stimulate a proliferation oftxhé capillary bed, with an‘
increase in the number and dimension of muscle capiilaries and an
increase in the capillary to fiber'}atio (1). The primary advantage
of a .high capillary density in trainei muscles_wdulg ge(to allowxfor
an adequate mean capillary transig ‘time at high perfusioﬂ‘rates
(23, : . -

Present _findings suggest that hyd;aulic circuit training might
be wuseful in ‘training ‘patients with a  severe left ventricular
dysfunction. N Pétignts with 1left wventricular function related to
coronary artery disease g constitute a. group of individuals
particuiarly_ in need of intensive rehabilitation efforts. vHowever,
somewhat paridoxicaliy, patients with'left ventricular dygfuntion are’
often excluded from 'formal cardiac rehabilitation programs (18),
which have generally - focused their efforts, on patients with less
coﬁplicated illnesses. v The rationale foflgxcluding patients with
ventricular dysfunction from cardiac rehabiliati. . programs has been
based largely onuthe—zéﬁcern that such bétients are at excessive risk

for adverse events during exertion, or that exertion might adversely
a3 ’
n3

affect the natural history of ventricular dygfunction, precipitating

or accelerating decompensation of the left ventricle.
e .
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" These concerns are contrasted By present findings which
'suggested that hydraulic circuit training was associated with a
decrease ‘in peripheral vascular resistance. The resulting fall in
ventricular afterload would ‘be exp?pted tg allow patients with
abnorma1 left ventricle function to iﬁ;rease their cardiac output and
comfortably support some level of exergion.

Finally the " increases in muscular strength and endurance

Y
e

observed with hydraulig circuit tp;ining suggests that ‘this form of
training should be considered ag jan alternate exercise mode for
patients who require a higher degree of muscular strenggh and
endurance for their vocational or avocational activitiés; By
training the muscle groups involved in the specific éctivicies'é
reduction &ﬁ the cardiovascular stress associafed with a given

muscular effort may be anticipated.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

a

From the results of the present study the following conclusions

appear justified: /
: ¢
. The magnitude of the heart rate and blood pressure response to
. ma;imal isokinetic appear to be g function of the active muscle
mass and independent of the exercise velocity.
. Hydraulic circuit training was effective in enhancing the maximal
-
aerobic power of previously untrained middle-aged men.
. The chronic hemodynamic responses to a»rrog:am of hydraulicr
.
circuit training include an increase in i xi~~_. stroke Qolume,
and cardiac output with a relative bradycardia at absolute

submaximal levels of exertion.

. The central circulatory d;mands associated with maximal hydraulic
resistance exercise were less than those associated with maximal
exercise on a bicycle ergometer, in a group of post coronary
artery bypass patients. <. @

. Patients recovering fromﬂcoronary artery bypass surgery
demonstrated an increase in maximal aerobic power, as well as
musitular strength and endurance fbllowing a prégram of submaximal
hydraulic ciréuit training. |

. The principal hemodynamic responses to circuit training in post

coronary artery bypass patients incg§ped a relative bradycardia at

rest. At a given absolute workload there was a reduction in heart

117
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rate, a corresponding increase in stroke volume, and a decrease in

mean arterial pressure.
Recommendations. Findings from the present studies implied that
hydraulic circuit training was effective in enhancing maximalyaerobic
power of previously untrained individuals. Information on changes in
skeletal muscle oxidative potential and muscle capillarization would
help to delineate the mechanisims responsible for changes in systemig .
oxygen ;uptake.  Further, present findings need to be investigatéd in
ofher subject pools, including older, and higher fit individuals.
Regarding the clinical .application of circuit resistance
training ;s an alternate exercise mode in cardiaclrehabilitation.
Present findings are limited to patients recoveripg from coronary
artery bypass sumgery, these patients tend to be more stable, and
their exercis; training tends' to progress more rapidly than post
myocardial infarction patients. Thus, the use of-circuit resistance
training needs to be inves;igated further in a variety of clinical
populations prior to 'its endorsement as a viable exefcise mode in
cardiac rehabilitacion. Specific issues which need to be adh&essed
include:
1. A comparison of the cardiovascular adaptations to a program of
hydraul;c circult training with an Interval arm ergometry program.
2. An examination of the efficacy of hydraulic.circuit training in a
group of patients recovering from a myocardiél inférction.
3. An assessment of the acute cardiévascular response in a group of

patients with impaired ventricular function to hydraulic

resistance exercise.
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4. An evaluation of the efficacy of hydraulic circuit training on the
maximal aerobic power, muscular strength, and endurance of

patients with left ventricular dysfunction.



APPENDIX A

-

REVIEW OF RELATED LITERATURE

In order to provide a (Packground for further discussion this
review will fd@hs on the cardiovascular responses to aerobic and.
strength trainiﬁgJexercises. For the purposes of this review aerobic

.
fexercise will be conSidered to include upright activities such as
Qalking, éycle‘ ergometry, and running. Strength training exercise
will encompass isometric contractions, isotonic weight lifting, and

b )

isokinetic type exercise.

&

1. ACUTE CARDIOVASCUILAR RESPONSE TO EXERCISE

With any increa§e in muscular activity the cardiovasuldr system
must oéerate in an iptegrated fashion to increase muscle blood flow
or the driving pressure (220). To accompliéh this goal, heart rate,
stroke volume, cardiac output, and peripheral resistance can be

altered.

- 1.1 Aerobic Exercise

1) Cardiovascular Adjustments. The energy required for large‘muscle
group exercise that last; for more thag seVergl minutes can only be
supplied by aerobic metabolism. With progressively increasing
workloads there 1is a linear increase in oxygen uptake (VOé) until
V02 max 1is achieved (213). Thus, V02 is direétly determined by
the extermal power output. The VO, necéssary to perform a
particular activity, directly determines cardiac output)(CO) at any

level of submaximal or maximal exercise (14,206) .

120



In a .héélthy individual, the 1increase in CO is achieved by a

three fold increase in heart rate (HR) and a two fold increase in

stroke volume (SV) (14,21,64,141). While linearly related to VO,
t‘ <

_ 'Q .
and CO, the " increase in HR is not directly deter ined by the
extefnal load. Rather, HR is correiated to the rei:tive load,

expressed as a 'pefcentage'oﬁ\maximal voluntary ‘contraction (MVC) or
percent V02 (35,216). A.The initial 1increase in HR ering aerobic
exercise is due to vagal withdrawal as a result of changes in the
activity of the higher autonohic centers (221). Since the HR
increases with the onset of exercise, it is pr;bable that signals
from both- voluntary higher motor cgntefs of the cerebral cortex, and

muscle afferent impulses influen®f gxcitatory state of. the

N 'h

o PR, . :
autonomic  centers, rather than Xp¥eflex arising from muscle

~ “
metabolites or from humeral agents (10,138,157). The subsequent

. . s
slower increase in ghe HR as ‘exgréise progresses results from an
U

increase in sympathetic drive. This increases is due to afferent
impulses arising from the metabolic receptors in the active muscles

and an increased level of cehtral(xm!pnd, as local muscle fatigue

£
progresses (157,161).

During aerobic exercise, the SV reaches a maximum value at
approximately 40-50% VO, max (or a HR of approximately 110-120
beats'min'l) (14). In healthy individualg once the maximal SV is

achieved, it is preserved for the duration of the exercise'(21). The
= 5. . -

normal SV response represents the utilization of both a'diastolic and

'.syqulic reserve mechanisms (141,239). - The présence of/'the
; » . _

Frank-Starling mechanism has been demonstrated during upright bygle

)

? )
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ergometry. Hemodynamic

tudies haved shown en increase ih lefb
ventricnlér filling p ssure‘ with increasing exercise (d6¢%§7)
" Echocardiographic and rad1
in left ventricular end-djiastolic volume (LVEDV) and decreeéesﬁmm
left * ventricular end-syetolic volume (LVESV), wlth :a resultant
increase in SV andlleft ventricular ejection fraction (LVEF) during
exercise (47,187,226).

Enhanced contractility is exhibited, during exercise in the

intact heart, by a decrease in LVESV (187), an increase in the LVEF

of 5% or more, and an increase in(ejercion rate (239). A decrease in.

‘ R . > .
afterload or systemic vascular resistance also enhances systolic

emptying (239). Thus, durfﬁg aerobi% exercise involving = Large

muscle mass, both the Frank-Starling mechanism, as well as an-

enhanced contractile state provide for the exercise related increase
in SV and LVEF (léﬁ,244).

During large muscle aerobic exercise, systolic bleod pressure
(SBP) increases linearly with increments in workload, there is a
"si;ght decrease or no change in diastolic pressure (DBP) and cnly a

‘moderate incre: n MAP: (32). The change in MAP result from changes

in CO and systemid vascular resistance. The increase in MAP seen

during exercise is not directly determined by the external work Eate
‘ 3y ..ggf
but Ls’correlated to the relative workloa t%%S) .While CO 1is related

to the external load, regardless of the $ize of the active muscle

mass, exercise 1induced vasodilation is'éependent upon muscle mass.

As a result, an incréase in CO produges a higher blood pressure
during exercise involving a smaller muscl® mass (15). o

u de studies have documentedflncrﬁeges &'

14

~
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The ' distribution of €O during agrobic exercise has received

-~

conciderable attention. It is now recognized that the augmented blood
! N . ~
flow to exercising muscle is accomplished not only by an increase in

CO, . but also by redistribution of\ blood flow. - Qjﬁﬁ moderate to

1

" severe ° aefob"i exercise, blood flow ko the active muscles increases
and . 1is accompanied by an elevation of coronary- blood oQ‘
(175,219). - Splanchnic > nd:renallfloy.remaiﬁ at pre-exercisé levéls
despite increased Qésoconstriccioﬁ in ghe§e‘ viscefalw beds 36):
Blood. flow to . the non-exercising mﬁ;cles is.diminished (175). fhe ’
cerebral circulation is maintained during quérate aerobic activity,
but there is ‘a tendency for this flow to diminish slightly.during
maxim- .erobiﬁ exercise as é fesult.of the fall 1n'arteria1 carbon

dioxide ténsioﬁ; that accompanies hyperventilatidn (35). " Thus,

————

‘vasodilation occurs in the arteriolar beds of the exefcising muscle

and :the heart, while vasoconstriction takes place 'in the gut kidney

——~—~

and, to a lesser extent, ip the skin and resting muscle.
5 h ' ’

The normal ce@tral and perigheral circulatory adjustm;nts to

aerdbic exercise in an healthy. individual can be recapitulated as
. Q .
. . 6 .
fo%&ows: CO™ increases in direct proportion to the augmentation q%

V02. The 1increased CO is mediated by increases in both HR and SV,

e -
.

and 1is .directed to exercising skeletél muscles, the\myocardium, and
Rt ' . ' A

with continued activity to thé skin. Blood flow(ggxnoh-exercising

4 N . N
e ) . i
muscles is reduced due to a general sympathetic_vasoconstxittion. At
submaximal levels of .exertion, muscle blood flow per unit tissue, the

degree of peripheral vasoconstriction, and the increase in HR are all

functions of the relative V02.



{i)_ Cardiac éatients. There are several contrasting features to the
‘cardiovastular respbnse to aerobic exe:cise in patients with coronary
arte%y disease.  The respénse to aerobig egérc?se ;s.aependent upon
" the extent of the diseasé, the functional capacity of the remaining

.

‘myocardium' and " the ‘neurohormonal status (26), While both HR and CO.

I ) o _
usually.’ increase with increments in external load, the maximal levels
achieved are often attenuated, compared to the yalues,achieved by

. . & . 4
age-matched healthy individuals (36). The SV response is quite

q
~ oy

variable and has been reported ‘to increase, or remain unchgnggd with
the transition ffom rest to peak exercise (95,195,196). i ”

| The .degree of left Ventficglar. dysfuﬁctiop during aerobic
exerci§e is quitg Qari;blé.‘ Deﬁmer et al (55) reported aﬁ increase
- in LVEDV, a decrease in 'LVESV, and an increase in LVEthﬁring
:exercisé in patiénts with anéiographic@ﬁormal coronary arteries, or
one vessel disease. In patier's‘with two and three vessel disease,
however; - there was ‘a decrement in ventficular function. The LVESV

. - _ :

‘%nstead of deminishing actually increas?d, suggesting that the lef;
ventricle was unable to reducé the end-systolic volume against the
elevated afterload of exe;cise, Since the'LVESQ,increased as much as

T

thg LVEDV, the SV remain;d fixed at the pre-exe:cise‘level, ;nd LVEF
fell. Similar - results were repor;ed by Carr611 and associates.(Bl)
who noted & decrease in ‘;VEF among patients Qho‘ experienced bischemia
during exercise. Compéred to the pre efercise values, these pétients
exhibited an increase in LVEDV and a disproportionate iﬁcfease in

LVESV ;resultihgﬁ in either a decrease or'ﬁb change in the SV at peak
. t \ ~ . ‘

exercise. Ehsani and coworkers (61) ' reported on a group of post
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[-4

~

infarctioq pétiepts Qho were able to attainva true VO, max. Again
results were -vargpble. In - patients who had an abnormal LVEF, the
LVESV wa; t;ﬁ;rgased. .A normal LVEF response was assogiated with a
reductioﬁ in LVESV at.peék exercise. . |

Peripheral ciréu}gtor; fegulation( in patients> with coronary
‘artery disease ié,: iﬁ' priﬁciple,” ;imilar to that seem in healthy
individuals k35). HerQer, it has beep‘noted ﬁhat . ring submaximal
aerobic exercise iﬁusclg blood flow is attenuated, and that maximal
" muscle ;blood flow‘i; lower (36). A reducﬁion in mgximal muscle blood
" flow is " consistent wich. a higher 1level of systemic wascular
resistance (36,42), and méy attributed to increased sympathetic tone
(70). |

~In summary, the circulatory adjustments to aerobic exercises in
‘patients with cofonary artery disease differs from that of the
healthy individual 1in thét the'maximal.values for V02, CO, HR, and
MAP are lower. During submaximal exercise, the relation between
VOZ and GO tends to jbe reduéed (36). Moqaﬁyen, some pattéﬁts
éxhibit signs® of: left ventricular dysfunction during exercise,

1]
including a decrease in SV with increments in workloaa, reduced

myocardial contractility,  and increased left = ventrigular
end-diastolic pressure (36). The peripheral circulatory regulation

- essentially corresponds to that seen in healthy individuals.

1.2 Upper Body Exercise

o
@
i) Cardiovascular Adjustments. While both upper and lower body

exercise share the same control mechanisms, many of the the

&

cardiovascular fespbpses (at a given power output, or VO,) differ
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(13,20,236,237) .

The CO, at a given VO,; is similar for arm and leg exércise
(13,20,50,153,192). Miles and coworkers (1555 used a variety of
techniques (dye-dfiution;' direct Fick, C02 rébfeatbing, electrical
impedance) to 1investigate the relationship between V0o, and CO
during submaximal arm cranking exercise. Their aﬁ;lyses indicate
;hat CG  increases from 5 to 7 l'min'l, per liter of VO, during
submaximal arml'exercise. Dpring‘maximal exerciée, however, the CO
values were -lower for arm exercise than for leg exercise (155).
Reybrouck and qoworké;s (192) found that maximal CO was approximately
30% lqwer during arm cranking than cycle'%ggrcise. Not suprisingly,
this xdisparity in maxiﬁal co correspond;ﬁéo the difference in peak
FVOZ between arm and leg exercises (207,236).

A}though the CO 1is similar for arm and leg exercise at a given

o

absolute (submaxi@%l) work19ad,jit is achieved by marked differences
in HR-and SV. Investigators consistently report higher HRs apd. wer
SVs during armﬁ_s;anking ‘than during cycle éxercise (}3,20,39,?0).
v The elevated HR reflects a greater sympathetic stimulation during arm
exercise (49). An increased sympathetic stimulation skould improve
myocardial contractility (224); ° however, similar values of
coﬁcractile indices have been reported for arm and leg exercise
(1;3). An increase in myocardial contractility may not be detected
during arm exercise because of differences.in cardiac filling and ,
preload. - Duriﬁg upper body exergise, the reduced‘skeletal muscle
°

‘pump - yields a smaller venous return and consequently LVEDV (36).

Therefore, a reduced prelcad will have the myocardium contracting on '

'
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o
a less efficient portion of the ventricular function curve. Under,

such conditions, increased sympathetic stimulation would be needed to
obtain similar contractility values during upper body as compared to

lower body. exercise (153). . This reduced preload hypothesis m?y'

Iy

partially explain why SV dées not increase markedly ~during arm

exercises (20,145,154). A ‘ AN

Y .

During arm and leg work, most of the increase”in CO gé directgd

towards the active skeletal muscuyaiureéh~Va$odilétion,@¢cu;s:{% the

active musculature because of the local accummulag}owfd

ﬁgmeta591£tté’

3 b

‘ N T - Py ’ v
such as' K'Y, HY, as well as osmolality achanges, and hypoxia.

e‘.\‘ i

(36,156). - This local controi supersedes the constrictor effeats of
the sympathetic -:output associated with exercise (219) . " Therefore,

the greater the skeletal muscle metabolic rate, the more~metabolgte5p

¢ Ed

produced and the greater the blood flow. According to Clausen'sjg36f

calculations absolute muscle blood flow is similar during aerobic arm:
and leg exercise, performed at the 5ame'V02},'Hogever, sihce upper

body exercise involves a smaller skeletél mg§e1e hass, blood flow is

S

v

n

higher for"a given muscle mass (37). ;

The hemodynamics of upper and lower ex;remety‘;xercise are quite

different. According‘ to . Poiseiulle’s law;’?lbw is the quotient of

driving pressure divided by resistance. - Numerous»iinvestigators

vreport higher éystdlic (13,153,237) diastolic *(13,153) and aortic

(20) pressufes during arm exercisé. In order7to elicit.the same CO,
A A

resistance must therefore be propqrtionally’highér during upper body
h :

exercise. It seems reasonable ,that upper body exercise might

generate sufficient intramuscular tension to mechanically increase

B



4

R

o

128

peripheral resistance within the.exergising arms. Exercise performed

with a smaller skeletal muscle mass needé to ,develop a greater

percentage of ’'its maximal tension to produce a given power output

(207). This might result in intramuscular tension thatcexceeds
. ‘

perfusion pressure and thereby effectively decreases the vascular

cross-gectional areg perfused. -+ A smaller vascular cross-sectional
e ; ’

. )
)apfg being petfuséﬁ by the same CO will result in a - greater

resistﬁnce. Further, Davies et al (49), reported that plasma

£

cétacgolamine cbnéent;étions are inversely related to skeletal muscle

masss , during 5ubm§ximal eiéfpise ~at a given VO,. Therefore,

vasoconstrjctor drive gmay be expected to be greater during arm
, R

-exercise than leg exercise.

An isometric exercise component (114): has been proposed as

mechanisms leading to a greater vasoconstrictor tone and elevated

to;al éeripheral resistance”dﬁring érm.wqu;'_{n'éqmparison to cycle
gygqmetry, arm cranking exercise has a greater isometric component
for ‘coﬁso ;fhbilization[ and grasping the handcrank (37,39,207). The
ipposition' of an'isometric'exercise compqnent upon a aeroﬁic exercise
Téievétes the'blood‘pressuré résponsé above levels elicited byvéerobic

)

.éxercise alone (114,125). This pressor response is ‘believed to b@ﬁg

-reflex frém the contracting skeletal muscle (120,149), which results

‘in increased Vasoconstrictof tone (162). Thefefore, the greater the
ﬁ;émetrié compoﬁent in upper body exercise the greater the total
éeriphéral fésiéitance and blood pressure.

,ii&ifCardiac Patien§§. Pati;nts with coronary artery disease perforﬁ/

-concidérably less external work before experiencing anéina when
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aerobic exercise is performed with the arms rather than with the legs

(40,132). This phenomenon may be attributed to the higher HR and SBP

‘responses during arm exercise compared with leg exercise at a given

submaximal workload. Since HR x SBP is an indéx of myocardial okygen
dgmand (126), myocardial oxygen uptake (MVOQ) at a given workload
has been assumed to be. higher during upper body exercise. Tﬁis
physiologic response is believed to be due to many factors, including
iﬁqreased sympathetic - outflow during arm exercise, compensatory
tachycérdia‘ secondaﬁy to a reduced. SV, concomitent 1isometric
contraction, and-,yésoconstriction' in the_inactive skeletal muscles

. 4

(13,237).

1.3 Strength Training Exercises

- .
1). Cardiovascular . . Adjustments. Isometric exercise has been

- 14
recognized as an important component of strength train®ng, receiving

its greatest impetus as a conditioning method when it was

demonstrated that 6s cdntractions at two-thirds of MVC promoted
significant increases 1in vstrength ¥96,138). Later however,; it wés

i

shown that these strength gains were limited to the conditioned angle

»

of the joint ~(138). Cardiovascularly, isometric exercise posesia

4

different stress than aerobic exercise. Aerobic exercise fmcreases
."k a7

»
-

CO significantly with only a moderate effect on MAP. ~With an
isometric contraction, the CO, contractility of the left veﬁ&r@éié;”

HR,' and systemic arterial pressure both systolic and diastolic ‘are

i

increased (138,220). P
During an- isometric contraction,” intramuscular pressure is

increased, . compromising muscle blood flow even at low tensions (9).

4
v
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Because of the failure of local muscle blood flow, exercising muscles
must work under partigl or complete ischemic conditions. Therefore,

only a modest increase in VO, 1is seen. As with aerobic exercise

)

~_~there 1is a tight coupling of V02 and CO, consequently@here is only

)]

a modest increase in CO_during isometric exercise (9,25,138,220).
The incéease in the CO is mediated primarily~b? an increase in HR.
However, even with conciderable muscle tension, the peak v&iue f& HR
i{s still Mmodest compared t& aerobic exercise (139,186). The initial
increase in HR at the onset of the static contraction is due to vagal
withdrawal (138,220).  As thé isometric contraction progresses
further increases in fhe HR‘ are likely the result of symathetic

, .
stimulation secondary to increased activation of the metabolic

~ receptors in the ischemic muscles, and "central command" (as muscle

fatigue demands an increasing voluntary effort to maintain a constant
force) (138,220).

During isometric’ exercise the SV tends to be maintained at, or

' near pre-exercise levels., The normal left 'ventricle is able to

maintain the " SV at reSting‘ levels with 1little or no increase in

end-diastolic pressure, despite tne, marked increase in SBP and

aﬁ;é;@ggq_b'(ZZO). These fihdings are consistent -with enhanced

myocardial _concracciiicy“ (9,156,220). Both LVEDV and LVESV increase
slightly; however decreasgs ié one or both have also been noﬁed
(220). Any 1increase in the SV during an isometric contraction is
likeiy due go 1increased venous return secondary td venocénstriction
and the squeezing out of venous blood from the muscles at the onset

of the contraction (9). The LVEF tends to remain the same during
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isometric exercise (142). Thus, the maintenance or slight increase
in the SV that occurs during isometric exercise is a result of an
increase in ghe relative preload and an increase in coptractility.

| The blood pressure response to isometric exertion has recieved
conciderable atfention (9,25,27,138,143). Systolic, diastolic and-
mean arterial blood pressure increase in a roughly parellel manner ‘at
the onset of isometric exercise (139,140). The blood pressure
usually reaches a steady stgge within a few minutes at low levels of
exercise, whereas there is a continual rise during sustained
contractions greater than 15-20% of maximum voluntary contraction
(MVC) (139,140). " Mean arterial pressure is proportional to the
product CO ap@ilsygtemic wvascular resistance. During isometric
exercise syste&ic vascular resistance 1is wunchanged or 1increases
slightly (9,139,156), consequently the increase in MAP is primarily a
result of the increase in CO (57).

According to clasical concepts the magnitude of the pressor and
the HR response is clégely linked to‘relative effort, or d;veloped
force, expressed as a fraction of MVC (139,148). However, recent
studies have demonstrated that the magnitude of ghe cardiovaséular
response 1s greatly influenced not only by relative loagphut also by
the active muscle .mass,~ and the» absolute fofce generated
(25,137[158). This relationship 1is nonlinear, with ?ecreasing“
effects of increasing active muscle mass at high level;:of force
develoﬁment (23).

ii) Cardiac Patients. Although coronary patients are generally

cautioned to avoid isometric exercises, it appears that they may be

]

_\
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leés hazardous thaﬁ was once presumed. ~ Dispite earlier reports
(16,28) thaf \isoﬁetrip exercise may lead to arrhythmiaé, ventricular
decompensation, or1qsﬁdden death, more recent studies (52,53,66)
indicate zthat nénsustained isometric exercise, regardless of the
percentage MVC wused, generally fails to produce angina, ST-segment
depression,, or significant ventricular arrhythmias among select
patients. . A -~

Studies on combined static/dynamic exeréise have shown that the
ischemia threshold is higher as compared to aerobic exercise alone
(52,88,123,217). Sheld%yl et al (218) evaldéted the cardiovascular
responses  to cafrying graded weight loads in a group  of
post-myocardial infarction (MI) patients. The peak DBP was 110 mmHg,
whereas' the peak HR, VO,, rate p%essure product, and frequency ot
ischemic responses were significantly lower during load carrying than
those observed during the aerobic exercise alone. Increased
subendocardial perfusion, secondary to the elevated DBP, may
contribute to the lower incidence <of ischemic responses ;eported
during the combined static/dynamic effort (66,123).

One of the major concerns regarding isotonic weight training in
cardiac patients is the expected increase in blood pressure. Extreme
increases in bothVSBP,and DBP have been reported during near maximal
weiéht lifting in body builders (144). While studies by Fleck and
Dean (65) and Freedman et al (71) have also reported significant
incréases in blood prdssure with High intensity weight 1lifting

exercises, the values were lower than those reported by MacDougall et

al (144).
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Vander andg colleagues (234) recently reported on the safety and

)

feasibility of wusimg circuit weight training (CWT) as part of a
cardiac rehabilitation 'program. They n;ted that the DBP reached a
~ peak bfb lOé mmﬂg duripg CWT, at 40% of one repetition maximum (1RM).
Although this level of DBP is frequenély;used as an end point to
aerobic exercise, it hésn’t been es#ablished whether an increase in

DBP to this magnitude constitutes excessive myocardial risk for

patients with coronary artery disease. As pointed out by Vadner et
al . 34); CWT elicited smdll increases in HR;Hrate ﬁfessure bfoduét,
and MAP. The peak HR and rate pressure prbduct was only 64 and 621

(respactivelty) of the maximum values observed during a symptom
/7

limited graded exercise test. No significant arrhythmias, abnormal
hemodynamics, ST-segment depression,‘or symptoms were recogded during
the exer\c\ises,‘1 Similarly, Saldivar and coworkers (200) -reported that
circuit weight training prégram was not  associated with
symptomat;logyj ST-segment changes, or arrhythmias in patients with
coronary artery,disease.

These findings suggest that the myocardial oxygen supply/demand

irelationship may be alteved during weight lifting exercises so that

the 1incidence of significant arrhythmias, ST-segment depression, or

symptoms are reduced (52;123). If ischemia is not elicited by maximal

aerobic exergise, it is unlikely to appear during strength training
exercises performed at submaximal intensities. These observations
are changin; tﬁe cautious attitude toward strength training,
particularly in regard to vocational counseling and exercise

prescription'for cardiac patients (66). -
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C \Y CONT
. g
Reguagtion- of the cardiovascular . system involves many
mechanisms, some of which are important in short term regulation,
whereas others are important in long-term regulation. The rapid
c a(;;s/>in HR and blood pressure at the onset and cessation of
e

rcisef would seem to implicase nigrogenic mechanisms as the

-

regulators of the cardiovascular systém during exercise (157). While
the >neural mech'ams responsible for the changes in autonomic

efferent activity to the blood vessels are not

thought to be due to, neural impulses, arising from the central
activity that recruits motor units. The‘;econd theory is that muscle
contraction stimulates afferent endings within skeletal muscle which
iqturn reflexly evokes the c~rdiovascular changes (3).

In general, the neural regﬁlation of the cardiovascular system

&

operates én the principle of feedback, meaning that some variable
will be‘ sensed and this information will be integrated into an
effective output from the nervous system to correct the chanééd
variable (227). Under normal conditions muscular activity is
initiated by centers in the cerebral cortex that are believed to have
direct 1input 1into the areas of gﬁé brain stem controlling the
cardiovascular systém (85,104,151 ,214) . Thus, changes 1in the
c;rdiovasgular system will be linked to changes in the motor output

from the cerebral cortex. This concept hds been termed central

command (156).

).

theorles of neural control have
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Zthggntral Command ,

@ When partial curarization was administered to human subjects, to

reduce the --strength of the execising muscle, the HR and MAP response
to ~ aerobic exercise was greater than during aerobic exercise without
curarization, evén thoﬁgh the workload. was the same for both
contractions (11). This finding‘led the authors to saggesté that the
. cardiovascular response appeared to be rekated to the greater motorv

command needed to achieve a given power output.

The effects of partial neurgmuscular blockade on the HR and MAP
o S

s

responsé te Istatic exercise in man was n@ﬁgg¥k by Leonard et al

(133). In, this study, HR Yind MAP were measured while subjects

]

performed static contractions with the knee extensor muscles. The

a

4
\

MVC of  the knee extensors was obtained and\‘ ubsequent static
contractions were performed either at the same absolute or relative
force. The subjects were studied before and after néuromuscular
blockade with either decamethonigg or tubocurarine (preferentially .
blocks fast twifgﬁ and slow twitch fibers respectively), titrated to
reduce MVC to §01 of the control value.

M

, The MAP was' greater during partial neuromuscular blockade with

- !

" decamethonium . thani during a. control contration. After the
* contraction was over 'MAP decreased immediately. Similar results were
obtgined after neuromuscular blockade with tubocurarine. QThe finding
®hat ﬁR and MAP were greater. during the contraction at the same
absolute force during reuromuscular blockade suggests that central

command played an important role in determining the cardiovascular

response ()(133). This conclusion was further supported by the fact .
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that the static contraction at the same relative force after
sneuromuscular blockade-elicited the same cardiovascular response when

the force was only half of that observed during the control static

. //-\ o~
- A\
exercise. ( l \

From the ‘viewpoint bﬁ'cgngral command, neurél rggulat;éﬁ/of the
caf&iovascular. system is ;activated or altemed ?gym'central neural
structg?gs to supply ‘blood to the active tissug. Feedback from
sensors located in the cardio?ascular system or other areas is not
integrated in®  this concépt (227). However, evidence ﬁas
accumélated - to suggest that central command should incorporate
signals returning from either the active muscle or the circulatory
syétem to modulate the overall,cardioVascular control.

2 ercise Pressor Refle .

. The exercise pressor ;éflex, groadly defined, comprises all the
cardlovascular changes refleiiy induced from the contracting skeletal
éuscle that are responsible for the increase in blood pressure
(157). The hypothesis éhat cafdiovascular changes during exercise
are due to a reflex originating in tﬂe contracting muscle was
proposed by Alam and Smirk (3), who showed that, with the ciféulation\

to the 1limb aprested by inflation of a pneumatlc cuff, 1here was an
e ..

flncrease in MAP which was proportional to the severity of the
exercise. The MAP rose prior to any sensation of pain, remained
elevated when gﬁ% exercise ceased and weturned quicéiy g9 control
values only after deflatipn,of the cuff. 'Suﬁsequent st;dieé (1,11)

have substantiated the contention that a primary cause of the rise in

MAP during exercise is a reflex originating in the active muscle.
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) The classifiégtﬂbn. of afferent fibe;s with endiqgé #n skeletal
muscle has been based both on anatomical and electrophysiological”
me;surements. OFour grbups of muscle afferents have been.identified,
and are classified by their conduction velocity, and dia;:te;.» of

* the four gréups,;stimulation of the group I ang IT larger myelinated
fibers, which ‘ca:ry‘ impulses from receptors located in the mugcle
sp%hdles,‘ Golgii Fepdon organs, joints and ligaments, ‘and sense
mo&ion, :havé. lf@tle effect on ther cardiovascular 'systém (160) .

[ | _ 4 _ ) . :
Egﬂversely,v activation of the group III small myelinated (conduction

i - ‘
“velocity of 2.5-3.0 m's'l), and the group IV unmyelinated fibers

- A
(conduction velocity <2;S m-s'l) have 'beenl implicated Ain t;e \
:reflei; increase in HR and MAP during muscular gontfaction
(120,148,149,160). . Some of the group IIi and. group IV fiber; can, be
actiQiaped-’ by ventral roét sﬁiqulatiga causin% st;tic‘ ﬁdscle
contraction‘.(IZO), and by gentlyi'stroking5 the r;éeptor fieids”of '
these fibers (121). ..Both group -IT1I ana IV fibers have ,also been
showg to.;espond to rhyphmic contractions of muscle (119), suggesting
~a ~potentié1 to trans&itg information to the spinal cérd'under all
types of muscular exercise. o o ¢
Attempts havé .been made to categorize some of the group III and
IV mhsclé afferents intd;ého grohps,-ergorece?torsJand'no;iceptorsn
Ergoreceptors are . those groﬁp IIT and IV afferencg‘ﬁhat cause the
exercise p#essor reflex. . Nociceptdrs are those group III and IV .-
afferents that. transd. . the sensation of muscle pain and therefore

should be stimulated by algesic chemicals and by vigorous pinching of

the muscle. (128). These two catagories are likely to represent two
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pole% on ar&cogtinﬁﬁm, with mosﬁ'of the group III and IV‘éffereqts
1yiﬁé§s;$ewhére in betweeny;

Results from a study by Kaufmgn; et .al.(120) suggested that
. although both group III _5hd fV’muscle affefents éontriggte to thed
refigx cardiovascular increases evok;a by‘stagig exercise, activation
of thé’ ﬁajéfity pf‘ the' group IiI fibers &as associated with the
, mechénicai efforts of tﬁe muscular contracgi;n. Three lines 6f
~ evidence _supported’ this suggestioﬂ. First, the group III afferents
_wére sﬁimulatéd by stretching the “muéclel * Second, their firing
_inc;easea as the tenéion developed by the contracting muscle -
incfeased. Third, they were stimulated by ﬁonnoxious.probing of
their:'receptiQE field. - The rapid response to contraction by the
ﬁajority of the group 111 afferehts has led,to ‘the suggestion that
these fjbers along with the central neural mechanism, are respongible
for the initial increase in HR at the onsef of;exercise (120).

Many ‘of :the‘ group. IV afferents appéar td ge capable of
functioniﬁg bgtﬂ. ;s; ergoreceptors and nociceptdrs. The discharge
_pattern of the ér;dp v afferent; stihulated_by.muscular contraction
may iﬁdicate Qhethér thesé afferenté respond teo mechanical or
metabolic events in the muscle. One typé of.grpup IV afferents
’fespond to contféction ‘within 2s of - the .onset ';f .8 "muscular
contréction (119,120,128). These grdup IV~ergoreceptors are {ikély.
to responed to mechanical events occuring in- the contracﬁing skeletal
mﬁsqle. A subgroﬁp of tﬁe_group Iv affereﬁts respond to muscular

 contraction only after a delay of between 5 to 15s, afper the onset

of the muscular contraction - (121,128).. - The discharge ﬁattern of
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these .group IV afferent suggest, that they are likely stimulated by

v, | .

é%tgﬁblic factors occuring in the contracting muscle ¥43). This
uggﬁstion is consistant with the fact that group IV fiber3 have

"free" nerve endings within the connective tissue in muscle and

. '
¥

hence, are “well situatéd to detect metabolic changes in the tissue
spaces (219). Fgrther some of the group IV fibers increase their
firing rate as the contraction period progresses, a finding tha} is
congistant with the notion that they were stimulated by the buildup.
of metabolites 1in the bcontracting muscle (121). éonsequeqtly the
group. IV fibgrs'vhave ‘5een rproposed as the pfimary féedback'system
from the contfacﬁing muscles (156). “

The metabo}ic stim;li for this feédbagk system may include K+
ién flux from the active muscle. k129,151,;98). ~There is’somé
evidence suggesting that _K+’ release during exgr@isetagtivates the
group IV muscle afférenﬁs. with ggflek induced increases in HR, CO,
MAP, -and .ﬁyocardial contractility (149). In man, thg timé coursebof
the cardiovasdﬁlar | response parellels potassium releasevA(QOQ),
similarly interstitial tissue concentrétions éf potassium, during
exercise, and after intrgfarterial potasgium infusionvproq€ce similar
cardiovascular responses (156,198); -

kaufman et ai  (119) nggested‘thatithé caréiovasqular response
to a muscular c&ntyaction is amplified when the arcafial supply 1is
occluded;‘ In this study, ’tHe investiga#or§ demonstrated that the
firing frequency of a population éf.gfbup I1I and IV muscle afferents

was higher duning statid contractions under- ischemic gpnditions than

by normal contractions ag the same tension. This finding suggests
ey .
A y ¥ | )
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that dufing light non-ischemic exercise the metabolic reflex neural
mechanism may not be activaﬁed, however, agring high inténsity
exeréise that restricts blood flow, the metabolic 'reflex neural
mechanism may signal a flow error that is important in eliciting the

level of efferent autonomic activity to the heart and blood vessels.

Since the cardiovascular re ~mse occurs in the -absence of a

central (11) or a peripheral *'@hanism (111), it is appérent that
. » .
both mechanisms can elicit the cardiovascular response.” = These

' A\ S e . .
mechanism¢ are not ~mutually exclusive, and to argue their relative

4

importance in determining the cardiovasctilar response to exercise -

‘seéms of liwtle Qalge.’ These two systems are probably redundant and
intc rate with other central mechanisms 1ip the ;egdlﬁtion’of the
response - to exercise. The initial fesponse to exercise is pfobably
detérmined by the -central recruitment og motor units.and peripheral

activiation of ergoreceptors connected to skeletal muscle gfferents

(group I11). Periphﬁfal mechanisms also provide |ﬁede§¢k,~ via,

: ‘ KO ‘ L -
receptors connected to group IV muscle afferents, as to the effjcacy

4 2

of blood flow to meet metabolic demands (181,197). Al?hough'probébly.

inactive during = light exercise, metabolic‘ -peripheral neural °

mechanismé ‘may sense flbw errors and trigger, efferent“aﬁtonomic

activity .)o the‘ heart énﬂ. blood vessels during moderate and high“

inQpnsity~.exercise. As a résu%t of‘ both central an§ pefipheral

ihputé to the cardiovascular centers, parasympa#het#;;aggivity to the
. J y

heart decreases .and the sympathetic activity 'to the heart, blood

yessels, and adrenal medulla increases (197,220).

(O
¢
£
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2.3 Rolé %f Muscle Mass .

Since the responses of the cardiovascular system during muscular
exercise are due to both central and reflex stimuli, studies have
beenbideyised to‘examine‘whethetithetreflék from the active muscles is
related to the proportion of maximal tension achieved, or to the mass
of the contrétting muscle.

.Lind et al (140), andlLind and McNico; (139):provided evidence
to warrént the conclusion that the important factor controlliﬁé the
increasés in HR and MAP, as§0¢iated yith‘muscular c%ptractions in
humaﬁs, was the proportional tension exerted by the muscles.. Neither
the muscle “méss involved, nor the'ébsolute tensipn was important to
these ‘c;rdiovaéculgr responses. More ‘recent evidence takes issue

‘with this claim (159). Mitchell et al (158) noted that the pressor
response to sustaiﬁed contfactiﬁns at 40% MVC wés progressively
gfeater with 1ncr;ﬁents in fﬁe mass of muscle. Also, the level'of
blood .pressure‘ following\}tge cgntyaétion,ﬁyhen thé.circulationﬂwa;
arrested, was directly',rélated “to the miscle mass:. This suggésts

that -thé magnitude. of the ractive muscle mass is an impoftant

. : P _
determinant . of the cardiovascular response to an 1sometric

"contraction. Biomqvist gt al (25) systematically éxaéinéd the
relationship bétwéen active 4muscle mass »and “the card!b\aséhlar’
fesponse' duriﬁg aerobic ékercise. . Their data showedd %)gradual
transigion from an aerobic to a static hemodynamic pattern as the
f_aétivev muscle mass decreased. A 'subsequent stuéy (136). confirmed

v that the HR and blood pressure Tesponses are virtually identical

dﬁring static and dynamic exercise performed with small muscle groups

"
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k3

to a commom end point of local muscle fatigue.
Petioéky, and coworkers (184,185) suggested that the exercise
pressor  reflex is dependent 'upon activation of fast twitch muscle,

fibers.. . They showed, in experiments on anesthetizédﬂcats, that

o™,

during static contraction of the.soleus muscle, there was no presder

. - . ’ . . a B ‘V(

response, whereas: stimulation of. the fast twitch motor units.of the

. ‘ . ;‘ oo ‘ . . ‘ . . },‘:\

" medial gastrocnemius . muscle was associated with a potent prédssor
These . data imply that the different muscle fibers have
. AT YL : . ¥
different numbers ‘“and/or type: of .ergoreceptors but, the possibility - .

refléx.

that the distribution of these receptors is muscle specific rather

thanyliﬁked'to‘fiber'typéfshould not be rule out.
Although there “are obvious quantitative differences in ‘the
‘: - * a i . . - t“w -\-‘,’
cardiovascular response to aerobic and strength traininggxe¥cises,
the 'same local, peripheral, amd ¢entral reflex, humeral, and cetitral

ﬁérvops: fgqtuésﬁ appear, to 6ppéra£e “iﬁ‘botﬂfmodes of %§2rcis§;' As
.'ﬁotéqj by‘ Shephard ° et élf (220), v?f&gig comGinatioﬁs. of central
-chmpa;d and‘ureéiexeg 'ffom} ;5% active méscleg may be ﬁﬁé}pfimaéily
%@#uég?vofvadjﬁstmenﬂs in the éutéhgm;c ou;fiod dﬁringvboth'aerobic and
SR . - . » * , R
'streﬁgth training e;ercises. '; fbg overall hemodynamic féﬁpgnse‘gay
différ. depéndingj on the mddﬁlatigé influénces. of 'variéué ;bther
fAfactors, lincludiﬁg;j ;hé number df muscies:invoived in,the.éxewgise

. . . 4
and = the degree of dilation of the resistance vessels in the‘vaséulaf

v

% beds; the. degree-of constriction in the vasculature of ngnexercising
. N ) KN . v ] . : <

!

k3

. N
g . ) B ' - w T
tissues; the dilation of the cutaneuos vessels to meet the demands of

‘variations in the leveis of

i
-

tﬁermoregulation (169); as ~well as

Iy

. Ay AL . ) W 7
) ciréulating catacholamines (33), .and -arterial. and cardiobylmonary

I . »
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mechanoreceptors (59).

3. Cardiovascular Adaptations To .Training

3.1 Healthy Individuals '

i) Oxygen Uptake. Adaptation to increased levels of éhysical
activity represents a basic phenomena in exercise physiology. Iheﬁ
single mbst characteristic feature of’this adaptation is an increase
in VO, mJXI This increase occﬁrs in vertually all‘populations,
from cardiac patients (36) to elite atheletes (64). Suffice it tbe
say that response 1is predigﬁable (37{102,205),.rrelated to the
training load, particularlyjéiéb reference,to»the rate of increagé in
V0, max. (15), and is in&eréély préportional to the prétfaining
VO, max (18,90,206,213). | |
Viewed iﬁ terms of the Fick equation, any increase in VOZ max
can be accounted for by. an increase in the»arteriovenousvoxygen
difference (a;voz diff) and CO. The increase in systemic a-vO?
diff i; the result of an improved distribution of the CO dnd more
efficient  utilization of oxygen by the active tissues (38).
kCapillgry-Evolume ‘is, incféased in trained muscle facilitating oxygen
extraction as a result of increased capillary density and decreased
Hiffusién distance (8,5&). Although the increase in systemic alvOZ'
bdiff may éccount for up to half of the improvement iﬁ V0, max
produced by short -term training rogréms, thgﬁgﬁncrease usually
accounts for only .a, smali part gf ﬁhe large difference in V&, max -
between athletes and sedentary subjects.agd is quantitatively less

important than the increase in CO (24,35,213).

ii) Cardiac  Output.  The ultimate VO, max attained by an
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individual, as Qell as the extent of increase in VO, max with
training appears to.be‘related to, and at least partially determined
by, the maximal CO. , The increase in maximal CO in response to
training in healthy 1individuals is well documeﬁted (§4,91,205,2065.
This inérease is achieved by a markedly increased SV and a sliéht
(decfease in maximal HR following training (24)', In heaithy
individualé, the increased SV may be attributeq to either an increasé
in 'Cardiqg dimensions, of improved functiqnal perférmance of the left

ventricle (24).

1i1) Cardiac Dimensions.  Cardiac enlargement is a well recognized

adaptation _to physical trainipg, and is associated with an increase

in cardiac mass as a result of increases in wall thickness, chamber

size,' or both, depending on the nature of 'the training program -

a

(24,35).
Numerous animal studies have shown that endurance- trained
animals have a higher heart-weight %to body-ratio than inactive

r

members of the same species (86,213). An increase in the

heart-weight to’ body-weighc' ratio, however, cannoﬁ' be taken as

evidence of myocardigl hypertrophyﬂﬁggxercise trainihg often causes a
‘decrease in body weight that may be'responsible for the increase in
the ratio (213). However, several studies h?ve provided evidence of
true cardiac hypertrophy, with an increase in absolute cardiac weight
and ‘enlargement ‘of myocardial celis. Though.variable fesults have
been reported, aerobic training in the ratl(98,172,178,210), and dog,
(30), and \isomeCric training in‘rat (113), and cat (168) have been

shown to resulted in an increase in cardiac mass and myocardial

B
]
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hypertrophy.

The myocardial hypertrophy that occurs as a result of dynamic or

isometric exercise training involves an increase ir myocardial fiber
diameter (30,168). The mode of exercise (running vs swimming), and

the age and sex of the experimental animals appears to be significant

determinants of the degree of the cardaic hypertrophy (168,178,210).
L4

'Further, there appears‘to be a correlation between. the intensity and

N ..:"“ . . ,

o '
=f5i’duration "of training and the extent of hypertrophy (168,213).

~

3

Interestingly, several studies have shown that repeated development
¢

+ and regression of the exercise-induced cardiac hypeftrophy is

possible .‘with successive phases of training and detraining (98,101).
Although cardiac enlargement is a well recognized adaptation to
“physical training, myocafdial hypertrophy, or an {ncrease in muscle
‘hass is not an obligatory component of the training effect (172,213).

r
" Several studies have used echocardiography to evaluate

" ' dimensional changes on the left ventricle consequent to training in

[

¥
o

man. The eg\0cardiographic evidence of «cardiac alteration most

' &

commonly consists of an increase in left ventricular end-diastolic

iﬁiameter (LVEDD) consistant with volume overload hypertrophy.

oy .

3% by ' : i '
' §ignificant differences in both wall thickness and chamber size have

been demonstrated between sedentary subjects and atheletes (4,233).
Morganroth et qal (167) and Keul et al (124) reported that endurance
_trained éthletes had a- significantly increased LV?DD without
significant changes in wall tﬁickness,. wherease strength trained

atheletes demonstrated significantly increased left ventricular wall

thickness without major changes in LVEDD. ¢ The magnitude of
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, o . ‘ ‘ s
difference between atheletes and sedentary subjects in left 2

ventricular mass may however, bé -attributable to selection rather

than to training per se (249). o
N g
Short-term - (<20 weeﬁg) endurance training programs have reported

%

either ~f£ small inﬁrease in LVEDD and left ventricular mass
(2,54,63,97,99,243), or no change in thesé measures th6,183,193,232,0,—‘ )
250), dispite similar increases in VO, ' max. 0f the studies thag
reported minimai cardiac changes with graining, Wolfe et al (250)
reported a 'significant increase in the derived SV, whereas Ricci et
al (193) noted a small but significant incfease=in calculated left

"

ventricular mass. Similarly, the caléulated left ventricular mass
r /
was reported to be increased significantly with arm or Iég/gzkobic,
training (232)..1 Iﬁ the study (ﬁy Ricci et al (193) the
‘ echocardiographic results of subjects who underwent étrehgth_trainiﬁg
.
were similar to -those ‘reported for runners in the same study; that
ngis, a slight but si&nificant increase in left ventricular Rass?‘ﬂ%
without significant changes in wall thickness or dimensions.
In all three; of the forgoing inﬁgstigations (193,232,250),

minimal but significant . changes occurred in derived indices °

calculated from measured data that were'gzt significantly altered.

&
4

The interpretation of the investigators in each instance were that

%the chénges“observed probably:related to the training bradycardia and

-

small gecogdary ﬁeééek ‘ih"LVEDD rather than to an intrinsic
> I

modification ~of cardiac structure. It was further asserted that the
. . 4 | e

training state could be attained without echocardiographic evidence

of cardiac adaptation.
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N
The wvariability in findings between individual echocardiographic

ustudies may be rrelated ﬁo'several factors, including exercise mode;
intensity and duratioﬁ of ﬂtraining (142); the age of the_subjeé£s,
inasmuch as responsiveness éo training may be invefée}y related to
age (249); anatomical ,charactéristics of the chest, agg.differing
echocaréiographic technidges ~ employed  (249). While a clear

relationship between short term exercise training and the degree of

change in = ventricular dimensions has not been confjrmed, the

N significant decrease in left ventricular mas; and.diméﬁsiops that has
been shown to occur during detraining studies (63,97,99) argues in
favor of a hypertrophic response of -the myocardium to short term
aerobic training. This would also be in agreement with the results
from animal studies (17,98,172,177,210). 1

7 iv) Cardiac Function. Ventricular function . may be enhanced by

K\_’,increasing the intrinsic contractile properties of the myocardium or
the response to inotropic stimulation, as well as by adaptations of

extramyochrdial factors that have a secondary effect on ventricular

perfopman e (24). Exercise training has been shown to alter'cardiac

) 2

‘dimendq¥ns, » 'as well as autonomic state, preload, and afterload,
' N , -

st;dies have used a> variety of eyperimental
preparations, (including isolated papillary muscles and perfused
b hearts, and _iftact’ aﬁesthe%ized and awake chrontcaily instrumented

animals) to analze the effect of training on intrinsic myocardiai

contractile properties. Nutter and Fuller (173) reviewed six studies
©
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on the ef?jit of training on the mechanical performance of isolated

left, ventricular papillary muscles. They found that with training,

diagtolic myocardial length tension relationships did not change.
, s

Some studies found evidence of improved contractile performance,
while others failed to demonstrate an effect of training-on intrinsic

contractile function. - Isometric or isotonic contractile performance

was 1increased in two series, decreased in two, and showed no chgnge‘

'
v

in two. These findings are consistant with other investigations,

which have reported variable results (209,213).

Scheuer and associa}es (19,209,210,211) have ggystematically

studied the ‘adaptations to different forms of training (i.e. running
4

PR ’ L ~
vs swimm%ﬁg in male and female rats), and concluded that both

activities produce skelatal muscle adaptations (i.e. increasec

cytoch;dme oxidative Oactivity)- {n male and female rats. However,
aS te -increases in heart-weight relétivé to weight-matched control
rfits occur only in ;hg ‘female"swimmers. They founduz;idence for
ihproveé * contractile perforJS%!eq (measurements nqrmalizéd with
respect ta heart-weightb aAd obtained atq several lej§1§. of left
ventricular filling pressure) in male and female swimmers aga in male

runners. These findings® correlatedgg}osely with increased calcium

binding in 1isolated sacroplasmic reticulum and increased actomysin

ATPase (210). .« However, Fuller and Nutter (74), who studied the

effect of running in male rats essentially replicated the methods of
Scheuer and collaborators, but. were unable to demonstrate ary

training effect on contractility.

There 1is comparatively little information regardin%)changes in

o
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\4

left wventricle-' performace in healthy indiviQQals follo&ing aerobic

training, other than the previously dogﬁhented increase in maximal

e .shown no evidence of a
: e T GTOTR ~ .
significant training effee®” @i &s

CO. Eéhocardiographic s;udieéftpéfp

|

. .myocardial contractile

'performance (2&;182). ( -Hé%éver,:“dé ;ﬁ'éfjthé tgviewed studies were
performed under resting éonditions.gaWheﬁlstddyiné'cardiaclfuncti

it is, important to appl& stress go " the hearé,'since ‘potentiji\\~”—
differences 1in intrinsic mechanical performance méy.gqt'be obvious'aF |

~

rest (213).
Stein et al (225) evaluated the eﬁfgcté,of up;ight interval
cycle training on.left ventricular function aﬁfing{éubmaximal supine

cycle exercise. After training, exercise 'was assoéiated with an

increase in SV attributable to a decrease in éndFsyscoiicldimensions
and no change in LVEDD, meaégred by echcbardiogréphy.  The

investigators interpreted ‘their findings as being ihdicaciVe of a

training-induced enhancement of contractile state' during exercise.
>

. 3 3 - , v o
Rerych et al (190) studied the effects of . ths of swim training

on left ventricular function during wupright cygi@’QXercisé using

oo
SR B
' - first pass radionuclide angiography. After ’tﬁﬁinin%,fbp at peak

exercise 1increased from 25.5 to 32.0 1l'min 1._ gplsfincrease in
. * N .‘,‘ 4

méxﬁmal CO was ' associated with small_decféases in éiggé{Se HR and a
large‘ increase 5in LVEDV (166 to 204 ml). These dat: suggest
that the dimehsiohal changes often reported gy echocar 5rapﬁy may
allowwnfor the support éf an increaséd SV via the Frank-Starling

mechanism after training. The enhanced SV during exercise was also

associated with a greater change in LVESV from rest to peak exercise
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after training and a lower MAP at peak exercise, suggasting the
possibility that the decreased afterload - also contributed tothe
increased output.

Both studies - may be criticized on methodological grounds in that
. ) s

‘the. posture and/or mode of training was not well matched to the

<)

"posture and mode of testing (225). Likewise the selection'of

competitive swimmers by Rerych et al = (190) hardly enhances the

It

s

appl&cabélity of this study to the usual context of training. Thus,
dispite the large number of studies in bgbﬁ animals _and human, no
consistan; -significant ‘training effect on contractile function has
been‘\ﬁemon;tfated, and the overall effect of exercise training on
intrinsic myocardial contractility remains uncertain.

v) Extéhcardiac Effects. There are only a few studies on the effect
of training ?ﬁj venous return . and preload, but the data suggest an

s )
increase in preload during exercise -after training (213). Changes in

VO, max are parelleled by small but significant changes in total

blood volume, mpgtiyﬁﬁgccognted for by an increase in plasma volume
(24,67,206,213). Studie5j<dﬁring maximal exercise foilowing volume
loading pﬁovidé interesting® data’ on the physiology of ventricular
filling. _Blopqvist and 'Saicin (24) égudied the combined data ffom
several studies (6J,194) inves;igating the ca;diovascular respénse to

acute blood volume increases and noted a relationship between maximal
; P ,

SV prior to volume lgading and the magnitude of the increase im SV

a

after blood volume loading. They speculatgd that endurance training

B

.alters " the ventricular compliance characteristics by modi“ving

right/left  ventricular pericardium iﬁteraction, resulting in an



> | : . 151

increase in diastolic reserve capacity. Consistent with this’
suggestion . is the observation of an increased ,effective left

ventricular ‘diastolic compliance due to pericardial rather than

3,

. h/' ) R . »
myocardial -adaptations in studies of chronic volume overload (134).

~ "Afterload reduction secondary to a marked.incfease In vascular

‘conductance of active skeletal muscle is a critical component of the

g

EARRY - A

cardiovascular response to exercise training (24). A marked decrease

3

. ;’ . . ! -' . 3 ’ a I3
in systemic vascular resistance facilitates thf T%Lge increase in SV

»

. and CO attained during exercise in trained individuals. Without a
marked decrease in afterload the. increase in CO could not be

achieved, since MAP would be prohibitively' increased. In this

N -

regard, a strong correlation between the increase in V0, max and

the decrease in systemic vascular resistance as a result of exercise

training has been.demonstrated (35)

Locaf _adaptationﬁ wifh increased® vascular conQuctaﬁce are
prerequisites for «,,effectivei‘utilizationf of a training induced
increaée in cardiac'éaéa%ity, due to the inverse relationship betweep
SV and afterload (35). The primary mechanisms responsible for the
‘reduction in systemic vascglar resistance with training are poorly

{

- defined. Théy .are likely to affect the arterioles and to be

regulatory rather than anatomical (227). Training studies in which

0

individﬁals trained ‘only one leg (48,204) or botﬁ legs seperately
(127), ;uppoft the cohcept ‘that training causes an increase in
maximal v;scuﬁaf conductance of working skeletal muscle. The fact
that the increases were 1imited to the trained limb,:or,l;mbs,

suggests  that the <change in vascular comductance {is mediated

n
“x
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primarily by local rather than ‘systemic mechanisms.
The extent to which the increase in the capacity to vasodilate
can be translated into an increase in V0, max is modified by an

opposing vasoconstrictor drive. The strength of this drive is

determined by the relationship between systemic oxygen demand, and

transport <apacity.  Clausen (35) has shown cﬁat during' heavy

- exercise with larg?"muécle groups, the sympathetic vasoconstrictor

- “

activity is capable ’of overriding the metabolic vasodilation and
reduce muscle blood flow. . This. allows full wutilization of. the
skeletal muscle potential for increased maximﬁm vasodiiation, while

assuring that the ' vasodilation does not exceed the pumping capacity

of the Heart, thus preventing hypotension. . Changes in systepic

_oxygen transport capacity and the systemic . impact of the local

vascular adaptations are therefore interdependent.

Viewed in the context of potentially greater overall left

‘ventricuiar dimensions (54,63,97,99) and a greater blood volume after

training (20,109) it could be suggested that the greater.muscular

power and blood volume allow- for a greater venous return to the '

v

heart. The larger and potentially more complient ventricle allows

the heart to operate at a ‘higher volume %nd to benefit from the

7

Frank-Staring mechanism. The 'greéfer demand on the myocardium

‘ created by‘this situation may be tolerated by virtue of the increased

' myecardiali mass following training, as well as the potential
\ . . .

a

‘zggguctions An afterload. '&he increased myocardial mass allows for

aecomnodatien' to the increase in work and is reflected by the only

' possible adaptation, an increase in LVEF and a decrease in LVEDSV.

AN

«\I . o . -
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vi) o Jtonomic‘ Adapﬁations. Exercise trainiﬁg induces adaptive
changés that are apparent at rest and during exereise.. In Scheuer
and Tipton {213) ample evidence is presented that\afterﬁgxercise
~training jthére is .ant increased pa;asympathetic-'ﬁctivity causing
"brédycardia. Animal 'studies noting aﬁ inérease in myocardial
acetyicholine and atrial Eholiﬁe acetyltransferease a;tiVity aftér

training suggest an inéreaséd aQailability of ace£§lchofﬁge at the
reéeptor level (213). During exefcise, enhanéeqnparaéympathetié'Eon»
méy ;éiQ& ‘be. important at-low workloads,:and heart rates. Howevér,
;ompleté xagél Blocgade in gumbﬁs will produce.a heart rate of about
l3bb btmin;l._(Za). Any 1inrrcase above this 1evé1 must be ﬁediatea
by beta-adrenergic mechahisms.:E ¢

Thé résponse of the .éympathetic ;;rvoug system to ex;fcise is

also affected by training (33).' The effect of increased sympathetic

- activity depends on .the concentration of catacholamines as well as

“the tissue respdnsiveness.‘ At rest, following tpainihg; there is no

v P .
change in myocardial tissue concentrations or in plasma levels of
by ‘
- b

epinephrine or Tmnorepenephrine (34). During exercise, plasma .

concentrations of both epinephrine and norepinephrine. increase with

the intensity and duration of the exercise (34). Following training

plasma concentrations are lower at any absolute submaximal workload,

however no differences ‘were reported at the same relative. workload
(24). . The sensitivity of the sinoatrdal node to sympathetic
stimulation is unaltered after traiming_(Z&S).v In addition training

does not ‘appear to change the number of beta-adrenergic receptors in

"the heart (166). Thus, there is evidence for a decreased.sympathetic
' gﬁ?
v ‘,._‘



response to exercise after training.- s : ' f' .
vii) Skeletal Muscle Ag@ptatlons The most impdrtant;biochemical
R . i e o e

adaptation of _skeletal muscle to aerobic training is an augmentation

\ - A .
]

Le

extensively in’
‘ ,‘4.. ‘Q“. Q ‘:u ’vv o )

_ studies. Aerobic training results in inéfeases‘iﬁ-the mitiochondrial

B . v ¢ L

.o, T KN

respiratory chaln enzymes ‘involved 1n oxldatlon of}NADH and succ1natq

(18,105), the eenzymes of the citrate.cycle (83 107) mitochondrial

1

ATPase, whichs+ catalzes the oxidag}ve phpsphorylatlon of ADP to A%P
i . - . v
‘ g ’ : : .,

(176) ; the mitochondrialb enzymes 1an1ved 1n the actlvatLQm,

- - Lo P "&

;-

transport, and beta ox1dat10n of fatty ac1ds (213) and_the;enzymee

of the 'malate-aspartate_ shuttle system (105) ~ The 1npfeases in the

-

levels of ,activit1e§*of a widg ,range of mltochondrlal enzymes is due

. .*"‘*' o
to an incrgese in ‘enzyme _pgetlens '(105) Th2:4i$ evidenced by an
' G ¢ S ‘

féal‘ models and,MeonfirnedjﬁyﬁhnnanJnnstle‘bidpSy.

. . T
wacity. ~ This adaptation has been studied most .

increase léﬁ' the protein content of the.'miEOCEdndrial fraction -

- -

. T L] a
obtalned fﬁom skeletal muscle ~and; in . the " conceéntration of the
: f .

-4 . Lot ooy

cytochtomEs %4@7 108) ﬁ':‘% e ‘0;;3 N
' e W
Electron»m&groscopic studies tnxgﬁuman»aand Yat skeletal muscle
__9‘ _‘;\_ .’ “ﬁ/‘k 8

enhe ﬂhat both wthe 31ze .and number of muscle

have provided ey7

. x"ﬁ' : o
! . i , . } q"‘ \a - 3 3
mitochondria increasejmin respense to  aerobic exercise training
@ I ' " "
-(84,105) . Further,’ ,aegebic training induces alterations in

mitochondrial cdmpbsition which tend to make skeletal muscle
mitochondria mori like heart mltochondria in their enzyme pattern
(106). In contrast to skeletal muscle, heart muscle, which is

. continually ,active, does not undergo an increase in respiratory

capacity in ﬂ;esponse to aerobic tra;ning (177,178). The increase in
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the mitochondrial marker cytoch;ome‘c is preéeded by an increase in
_beta:aﬁinolevulinic  acid syntheﬁase B activity : ®9)..
_Beta—aminolévulinic acid synthetase is the rate limiting enzyme in,
“‘Heme synthésis, and has been proposed as an‘increase in this enzyme
nplays a key-role'in the increaéé in mugcle mitochondria in reponse to
aerpﬁic training (29;239), s &

Another biochemical adaptation. to aerobic training which may
have: impoFtant physiological é;gsequences is an incfease in muscle
myoglobin, concentration (105) . Myoglobin increases the rate of oxygen
diffusion thougbla fluidrlayey,;and may facilitate oxygen utilization

‘in 'muscie by i;cgéasing the ratk of 0, transport though the
Y v . o
cytbplasmipo the mitoéh%ﬂdria.

One’ consequénce oés the adaptations induced byiaerobic fraining :

is that the same .worg rate reqhires a smaller percentage of the
musClés'h"maximum reséirato;y: capacity, consquengly thete isileés

disruption of homeestasis (105). A second consequence is Increased

ilization of fat, ~'with - a proportional decrease ih’carbohydraté

wation, during submaximal exercise. The metabolic consequences

‘*Fthese adaptations could play important roles in the increase in
L]

endurance and the ability to exercise at a higher perceﬁtage of VO,

max in the trained state, by slowing’glycogen depletion and reduéing

» '

lactate production.
While the increased oxidative potential {n muscle after cycle

trainihg .is well established .the data has been less consistant for

from strength vtrained muscle (201). _ Both Lewis.et al (135),
o - ‘ ' ‘

- Houston et al (110) noted no change in the potential for suppiying'

‘ A

~and
Fo
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. glycogenolysis or glycoly51s
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energy 'by aerobic pathways/ follpding strength trafning. Other

studies (A& 87, 130) have. reported' an'_increasec‘in SDH activity

following strength trainlng The discrepancy'is likely to have been

i

.a result of the :Specific type. of the contraction employed in the

~training program (intensity and duration) There is»however, general

agreement that the activities of PFK and LDH are not affected,

‘ suggesting that stremgth training does not affect the muscle's

°

‘potential for resynthesizing ATP via aerobic or anaerobic

-

viii) Summary. In healthy ind1v1duals aerobic training changes the

'composition of cardi&vascular response ' to submaximal exércise, and.

increases V0, max. After training, at a given absolute submaximal

\yﬂdorkload, the metabolically controlled vasodilation . in _active

skeletal muscles, as well as the neurogenically controlled increase

“in- HR, and peripherai yasoconstriction are less pronrounced. Thus,

there 1is a reduction in totala'muscle blood fLow>and a relative
increase in flow .to the non-éxercising tissues, with an unchanged
Cé. .The.decrease in.blood fiow to thehexercisingvmuscles HR, and in
peripheral .vasoconstriction is confined to the trained - muscles and is

probobly -mediated by capillarization and ox1dative enzymatic

adaptations in the skeletal muscle (8 82)

3.2 Cardiac Eatients

-

i) Oxygen Uptake. Given that improved exercise tolerance is the

practical foundation of exercise - rehabilitation programs, it is

=

undérstandable that changes in functional capacity are among the most

frequently reported dmtcomes of these programs Early studies.

.
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focused on the the iﬁprov§dvexercise tolerance of patients recdve;ing
from myocardial infargtion>(MI), or with stable angina‘(35,56); More
recent studies ha&é focused on either earlier-or more aggressibe use
of exercisé (52,61,62). ' ‘

L : ,

Beginning in the late 1960s, another group of patients with

coronary artery disease began to present themselves for

M ¢ o
~

'rehabilitation. . They were patients recovering from coronary artery
bypass surgery (CABS). Over the ensuing two decadés thére has been a
 general' pefception that *sthese patients are more'stable, and that
.their. eﬁergise tfaining may proéress more‘.rapidly;'vﬁhanvpost-MI
"patientg or those with chronic stable angina (IgZ;iBB). This belief
relates to the revérsal of .exercise-induced myocardial ischemia and
left ' ventricﬁlar | dygfuhction following  surgery (150,152,188).
However; comparison‘ studies'on the changes in.fuﬁctional capacity in
- surgical and medical patiengz;sconsequeﬂt to exeréise training is
difficult because thefe is cpnsidefable variabi}ity (and often mixing
of patient tyﬁes) in seve;al pértiﬁent facto;s, including @ype of
ergometry, criteria for functional capac;ty'(ﬁsually.esﬁimdted Vo,
max or METs),llength qf the traiﬁing érogfam; and pa?ticularly,'time
from the acute clihical eposode to‘thé’start\éf,;raining (117,174).

”dne lstudy (92) which did evalqate changes in estimated VO, max '
conséquenﬁ to 3-6 months of aerobic'traiﬁing in groups of p;gt-MI anq
post-CABS patients noted that the magnitude 6f the inc;e;se in
functional capacity was not sighificaq;ly _differeni? for the two
gréupg. fhé improvement in estimated VOé‘ﬁ@; was siﬁilar to that

PRPTRES

observed in ’othef post-CABS patients (68,174) and medically trea;eﬁﬁwv

. g‘o

£ e
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‘inlvfunctiénal capacity were primarilylreiated to the very low values
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patients (A1,235); but 'coﬁsiderably' léss than the 40% increase in

‘measured VO, max that was achieved with prolonged, severé exercise

training (61,89).
A randomized controlled study, into the éfficacy of aerobic

i

training 1in .cardiac rehabilitation, was conducted by Froelicﬁer et al
(73) who comparéd;'the responses to exercise in.a mf%ed group of
patients (MI, angina, CABS). Ehoge assigngd to training participated
in a conventional exercisg..tréining " program (i.e. 3 times~§gekly,
aerobic'vactivity) fbr 1 year. Their results were comparéé to those
frém a ﬁon-exercising contfol‘group;‘ The exercise group demonstrated
an increase. in both measured (9%) and estimated (12%) V02 max, over
thg same period kﬁe control group failed to dqmonstfaté any cliange in
VOZ max.

Foster et Ial (68) evaluated changes in Ehe‘functionél c;pacity
of post-CABS' patients during ; 6»montﬁvexer;ise program which began
within 2 weeks Ifollowing ;urgefy. Both the control-group:"énd the
traiﬁing group demonstrated substantial inéreases in fuhctional
capaclty (50? and 85% respectively). The large percentage increases

at the initial testing. The increases in functional capacity during

~the interval- from 2 to 6 months post-surgery was 10 and 20% for the

expéfimental and control groups respectively, which is comparabie to
n group y v

those observed in other studies (92,174). These findings suggest

-that ttaining studies should commence a minimum of eight weeks after

surgery, in order to ensure adequate time for recovery from surgery.'

This suggestion ‘is consistant with the observation that most CABS



patients experience a- substanti§$2‘ ncrease in functional capacity

during the initial 8 weeks post-surgery, witho

éxercise program_(l?&,é&l).

participating in an

ii) "Cardiac Output. A" number of studies héve examained the CO
.
response ‘to - aerobic training in patients with coronary artery
- disease. The early studies (57,72,196), suggested‘ that the
improvements in VO, max, seen in cardiac patients, was due to
peripheral adaptations which resulted in a slower HR, a lower blo§d
pressure,- a' reduction in systemic vascular resistance and a wideging.
of the a-v0, diff. - For instance, Detry et al (57), noted that the
SV was unchanged at two submaximal workloads following tggining{
whéréas MAP and stroke. work wére both ;éduced. However, these
studies (57,72,196) have been critis?zed on methodological grounds,
in thaf thgy failed to include studies at maximal exercise (57), used
a poorly ‘matched control group (72), or a cross sectional design
(196).‘-‘ More contemporary studies bywéobb ec al (41) and Paterson et
al (179) have reinforced the earlier Suggestions of ligtle of no
chaﬁge iﬁh the exercise CO andl SV in patients with ischemic hi?rt
. disease. BotBJ of ‘tﬁese studies suggestedithat a wideniﬁg of “the
a-vo, diffy"wés‘gOﬁA ptimary'vimportancé_ to the 1increased VOé méx
following'praiﬁing>in ghis ﬁopulgﬁiqq.,

The"modél

04

" of Q-VOZICQiﬁf"§s‘ the primary determinant of the
training-induced _éhahgesnf in - VOZN max in . cardiac patients ' is

: . Gy am o N . :
challenged, however, by Léhe . laté “findings (& months to 1 year) of

Patersanwvet "al (179),'fh;‘reéulyéwf}omrHildenman and Wallace, (103),

and by the hjgh-intensity exercise study By Hagbérg et al (89). In
. &5 .

~e
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these studies a substantial increase in SV at a fixed submaximal

workload was. observed, suggesting that a direct’central circulatory

¢

adaptation to training in cardaic patients is possible. Hagberg et
H . A

al (89), réported' an 18% increase in SV, whereas ﬁAP was unchanged,
consaq?ently. stroke work increased suggesting cardiac adaptation.
Hildenman ghd nglace (103) observed aﬁ increase in resting LVEDV,
following a ‘6 month training program conducted S‘dayé per week.- A

given CO was achieved by .a greater SV and a lower HR, associated with

a ‘reduction in LVESV and an increased LVEF. At maximal exercige the

1,7

)

patiénts achieved .a’higher'workload.and Cco, which was dﬁe to bﬁth'an_
increased HR and SQ.' In these thfee studies, (89,103,179) the
increase 'in SV was as;;biatedvﬁitﬁ relatively high intensity training
programsb and 'as éttributed to improved myocardial contfactility.
Unfortunately the studfes by  Hildenman and Wallace (103), and
Patersqn eﬁ al (79), did not report MAP making it impossible to
determine whetaer the increase in SV was due to a reduced afterload.
Also, the dse o’ submaximal studies:Lo'predict maximal cardibvésculgr.
reéponses. is a Lcchgique of questionable.Value (95,196). "However,
ﬂtﬁéée findings  suggest that the fundamental reséonse to training in
some cardiac' patients ma, be more . similar to that of héaithy
individuals ﬁhan p;eviously believed.
'1ii) Cardiac- Dimengions.- Studies on the effect of training on the
left :ventéicular structure of cardiac patients haié yiélded variable
'results.'; Ehsani et al (61) demonstrated significant increases iﬁ
LVEDD and LVESD, apd in posterior wall thickgéss following i yéar.of,

~

aerobic training in eight patients with coronary artery disease. The

Y -
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last 9 ﬁonths of cﬁis program were considerable more strenuous than
the wusual progfami employed .in this éatient population, and wére
sufficient tob.glecit a 421 increase 'in VO, max. After training,
pa%ienbﬁ-vexhibited improved left ventricular function as evidenced by
-a - lack of decline in fractigh;l s@ofﬁening, -.or mean\Velocity of
.circumferential fiber shortening at ;imilarrlevels of blood pressure
v attained during isométric exercise. Qy contrast, Ditchy et al (58)
found that éhe attainment of a training effect (rise.in functional
capacity from 8.8 to 10.7 METs) in- 14 patients was not accompanied by
echocardiographié- evidence of cardiac adaptations. .There were no
changes in LVEDD, wposterior wall thickness or cross-sectional area.
They concluded that the impxoved functional capacity after training
in paﬁients with coro#agé artery disease was not due to exercise
indub?d 'leftzv ventricular hypertrophy. The disparate
echocardiographic‘ findingé. in thesé twobstudieé cannot be relatéd to
differénce; in the pre-aAd post ‘training levels of aerobic capacity,
, P '

the duratioh of tréining, ‘or the ages of the subjects. In view of
the disparity between these studies and the similarity of the resﬁlts
_ gf‘ Eﬁséhi'.et al ‘(615 to those observed in healthy individuals
(54,63,97,99) it has been édggestgd that.the exercise presc;iptions
employed - in mponQenfional cardiac rehabilitation programs is too mild
;o elecit left ventricular hypeftrophy (89).

iv) Cardiac Fuﬁét;on. Changes in left ventricular function that
allow for an increase in CO and SV relate to the ability to tolerate

an elevated LVEDV, without the 1implications of left ventricular

failure (24). Several studies have focused on changes in LVEF during'



exercise, before and ‘after trair g. These studies have uniforrly

v

reported increases in exercise car -:ity. Hcwever. the L' EF resp: .se

A -
to aerobic training aﬁB%ars to be qu ~iriable.
Evidence that training may imprcve myocardi'l iznct”® . comes
from a study by Jensen et al (115) whick she aat  during

[<

submaximal exercise, that elicited the same MAP and HR, the LVEF was
greater (59 wvs 551) after 6 month§ of training in.a phase III type
cardigé‘ rehabilitation program. Hildenman and Wallace (103), noted
anrliﬁcrease in maximal SV - and LVEDV after six months of aerobic
training, from rest though.to maximal exercise, the LVEF, which fell
in all subjects before training, failed to decrease in most subject;
post training. Froelicher et al'(73) noted a slight increase in SV
and CO, but not 1in LVEF during exerg;sé among ~their angina;free0
patients. Cobb xet' al (41) evaluaﬁed the reséopse to six months Qf
aerobic jtraining. ' Di;pite,ué marked increase in work capacity, no
changes in rest or exercise LVEF were evident.

In the étudy by Foster et él (68) the peak exercise LVEFs.
‘actﬁally decréased dﬁring ~the interval from 2 Vweeks to‘2 months
postoﬁera;ively, although the values were higher than obsérved
preopefatively. Invthis study, work capacity increased significgntly
in’ the training group, whereas changes in LVEF were unreiéted to
.intervention mode. The decreased peak exercisé LVEF in this study
was, assoi}ated with conciderable increases in blood préssure.dqring
the same intervai. This assdciation led the authors to suggest that

the very low afterload observed soon after surgery may have produced

spurious enhancement of left ventricular function. Results of this

®
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investigation suggests that: exercise .traﬁﬂing has little effect oﬁz'
left ventricular function as defined by LVEF. The failuig of

.

exercise training to change LVEF is consistant with results reported

on normal.healthy individuals (191). ;,,5;?‘?’
v) Summary. Exércise based rehabilitation programs h?‘gﬁa definite
- l v -

"
“r

benifi%;al effect on 4§Iinical status, as evidenced bﬁéimproved work
caﬁacfgy; (52,62)  reduced incidence of anginal attack; (189) and
,,iﬂdicaﬁions of a reduced rate of morbidLéy/mortality (1715. Their
effect on left, ventricular function however, which is/én important
" prognosticator ofisurvival (42,239) is not clear. V;r;ni et al (235)
and Ehsani et al (61) have preseﬁted evidence that resting left
Qentricular performance may be. improved as a rea&it of training.
Jenséﬁ et al (115) contends that LVEF may be improved during
‘submaximal éxercise,‘ but not undé; maxig&% exer;i;e conditions. -

Conversely Cobb (41), and Foster (68), h ﬂz'dempnstrated that LVEF

>

does not change as a result of training, dispite large increases in

physical work capacity. The response to exercise training in cardiac

N

.patients would appear to be fundamentally similar to that in healthy

individuals, differences may be attributable to the training

3 2
intensities, =nd to intrinsic differences attributable to myocardial

iégﬁémia, or .. r (23).

4, CIRCUIT wmg "I TRAINING

i) -Oxygen Uptake. While there is li;tle doubt Lhat CWT wi}l improve
muscular strength  and endurance &§g75,247),\ the cardiovascular

responsés to such training remain controversial. Allen et al (3),

were. perhaps.‘the first to study the effect of CWt on aerobic power,



~
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-

resistance, 1oq rgsetition work bouts followed by 605 rellef :

intervals, failed to effect V02 max. This‘finding, combined withﬂd

the earlier work of Nagle and Irwin (170) suggest tnat traditionél

weigbtv training with heavy weights is too intermittent to enhance

L

aerobic power.

[

The effects of CWT, with timed.dork anditelief intetvals, was
studied by-Wilmore'et al (246). 'The subjects in this study exercised

at 40-55% of 1RM, executing as many repetitions as'possible during

30s work interval, with a 2:Iﬁv6£k to teliefvratiol - After training

e -

thrice weekly for 10 weeks the women demonstrated a 11% improyement

12 —week program which consisted of a series;of 3Cs of high

in aerobic power however, the men failed:  to demonstrate any -

improvement. The authors reasoned‘ that-'differences in initial

fitness, affected the relative training intensitles suggestlng that
i

CWT is an effective activity for decondltlbned individuals.
. Gettman et al . (78), conducted a CWT study based on the premise
that ; larger training effect yould be observed after a longer
program.  However, following a 20 week‘program, whicn incorporated 10

training stations, relief interval of 30 to 20s, and an exercise

fntensity of 50% of 1RM, the improvement in aerobic power was only.

3.5%. The changes in aerobic power, observed with CWT  were
considerably lower - than the 15% improvement in voé max observed

following a 20 week running program conducted Simultanepusly on

*
.

another group of 16 men. In a subsequent study however, Gettman et

\ s R g

al (75), reported a 12 and 13X increase in aer{bic power, for men and.

women repectively who completed a 20 week CWT program.‘ The training



“-.raercbic power.

165

progfam was similar to a program used in the previous study (78) with:

several important modifications. ¢ The program incorporated 30s work:

intervals and a 1l:1 work to relief ratio, unlike thé earlier study

L

where .no restrictions were placed ‘on the -exercise intervals.

Secondly, three circuits were completed as dpposed to only two in the
previdué"study. As a result, the rate of work, and accummylated work

per session\were!probably increased, thuslaccounting for the éﬁhanced

The‘r impadt of accumulated work on the efficacy of CWT is
discussed by Gettman and Ayre§ (79). Following 10 -yeéks of

isokinetic circuit training, a slow velocity gtﬁup.(frained at 1.04

rad's'l) demonstrated a  10% increase in V0, max, whereas

subjects - trained at a faster velocity (2.08 rad's'l) {mproved hy
: \

\

only ~3%. The authors: suggested that, because the number of
(¢ c

repetitions per set .were constant for the two groups, the

slow-velocity group averaged more .ime per workout and accummulared

more work pet training session. This suggests that total exercise’

time and work accopmplished per session help determine the exéent of
aerobic improvemnet with CWT (76).
One of the problems of evaluating the efficacy of CWT on

cardiovascular parameters .relates to the specificity of training.

Changes from training aE§?~specifiq to the muscles involved and the
B .

pattern' in which they are used (35). Thus the validity of using a

L
treadmill or cycle ergometer to evaluate the cardiovascular response

1

to CWT . may be question‘d. However, to date) only two groups have

examined this issue. Allen et .al (5), assessed VO, max during arm

i [ ]
a I
£

-
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work as ‘well as leg work)" whereas Gettman et al (78) incorporéted
. . . . ~ . &.7. - - . - -

two nonspecific tests into sn -examihation of the cardiovascular

impact of CWT. In both insq‘nces, vartations in tke test protocols

did not alter the relative resdlts (76). A ‘
" Gettman et al (77), examined the interplay of CWT with aerobic
tfaining.; The stu&y'had two ‘purposes: to compare the physiological

~

effects of CWI and running; and to evaluate CﬁT after training ﬁy
-runningtf The initial eight .weeks of CWT USing isokinetic deviées
resuitéd in a 3% increase in VO, mai; The subsequent eight weeks
running progfam, at‘ 85% of maximal HR, resﬁltéd in an'additional-Bi
impro?ement. At the complétion of the .running pragram half the men

returned to the  CWT program, whereas the rest continued running.

Both'.grqups maintained aerobic power eun{Ey'Well for the final eight

\

'Weeks' of fhe' study. ' Several praitial i&;lications were drawn from
ghis s:ﬁjg. Firg}, CWT could be used és‘a means of maintaining
qérobic power. | Secoﬁdly, no muscular sqfenéss was'obsérved during
CWT; gsing . 1sokinetic devices. ?hiS' is 'fhogght to.be’dﬁe to thé’
~_absenc‘e of eccenﬁfic contractiohs' (231). v‘“Consequently, it' yas'

- suggested that circuit training using devices that allow concentric -

only‘exeycise-mightbbé.usefuI as @ startigg exgrcise program. .

The >dontrdversy_ régérdiné the effiéacy of CWT on cardiovascular
fitneés ~may bé 'rglated to Eﬁg relative eker;isérigtensity of ‘the ™
Vérldéﬁ?"ﬁfogr;és; “Iﬁ. order to enhance cardiovascular fitness, the

Americah' é911ege' of Spdrt Medicine (6) recommends that the training’
intensity shguldi be equivalent to 60-90% of'maximallHR reserée,‘prf

: , o S0 L : .
50-85% of Vd& max. The unique feature of CWT is §he,potentf%l

'
L
-
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differentiation between the cardiovagcular and metabolic stimuli for

2 : . /
altering VO, max.  During CWT an individual may work in excess of
80% of maximal HR, but at less than 50% V02 max (5,94,112). This,
suggests that systemic effects are unlikely to develop if the program
' : 1

is carried out at low levels of V02.

McArdle and - Foglia (147) conducted one of the earliest studies

on .the energy cost of weight"training exercises. Four weight

training . exercises of eight repetitions each were studied, the peak

‘metabollc intensity ' was 25 kJ min" L. The " author concluded that
the energy expenditure attained during weight training previded only
a moderate stresé for improving aerobic power. Wilmore et al (247)

_reported -the energy cost of CWI wusing Universal Gym equipmehc

avefaged 37.7 and 25.5 kJ'min'} for the men and women

respeptively; The men in the study, worked at an average of 74% of”

»maximél HR ~and 39% VOZ max, whereas the women averaged 84% of their
~maximum HR and 45% VO, nax. o . ' X
Hempel :and Wells  (94) roted thg} the energy cost of stregéfh
training Wigh N;utilus equipment avé}aged 21.5 kJ'ﬁinfl and 5?17
kJ'miﬁ'¥' for ﬁen and .women. respectively. The values for percent
V02 max used during :the cifcuit averageq _35ﬂ9 for gbe women;and
38.3‘ for “the men. The corresponding HR responses to the training

program averaged 73 and ‘77i§§7 for the women and men respectively.

The‘-authérs conciudéd that CWT using Nautilus equipmeht'would not -

. stimulate, metabolic responses: to the extent indicated by the the HR
,\),’l . , . N

reponse, and that Nautilus circuit training elecits only a marginal

aerobic exercise ‘intensity.4 The results from Hurley et al (112)

9
!

o
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supports ‘this claim. In this parpiquiar study young healthy subjects
 completed a 16 wegk CWT using’Naugilus equipﬁent. The HR response to
'Ebg ﬁraining exceeded 80X of the HR géserve, héweQer, the VO,
, fepreéenteé ‘approximately 45% 6f1 Vo,  max: No sigﬁi&icant changes
in VO, max wete ob;grved over thg stud} period. | . a%isgﬁ{ﬁA '
The. Disprdboftionate‘ increase in HR, relatiye to Voz fgy be
attributedb to greater ﬁsympathetic stimulation ‘during "CWT (112).
During CWT, approximately 50X of the exercises invélve thé upper
extremety exercise.v As discussed previously, larm work is associatea
with ‘elevated s?ﬁpatbeﬁf& “stimulation, and HR at a gfven VO,
(12,49). ‘
Géttman et al. (80) reportea that the energy costs of éircuit

1

training uéing isokinetic devices averaged 41 kJ'min - with the

HR equivalent ot 69%1 of 'maximum, and’ Vo, at’ 49% of V0, max.
Katbﬁg et al (118) reported that the energy expenditure of hydraulic
resistance éxercise averéged 59.4 and. 11.5% gfeater than CWT on
Naﬁtilus énd Universal Gym equipment respectively. The HR response
to the 20s work intervals and 1:1 Qofkvto réliéf ratio a&éragea'ssz
of maximum while the corresponding’ value for _voé wag 53% ;f Voé
max. | Combined these studies (80,118) “suggestv —t{jﬁat:r the Hﬁgénﬁ

‘

metabolic response to concentric-only exercise for the agonist and

. QJ £l . N
_antagonist muscles involved in a givern movement achieves a level

necessary to promote improvement in aerobic power.
ii) Cardiac Output. Several studies have examined both resting HRv:

and the HR responsg to submaximal aerobic exercise following short

term weight training pr;grams. Papers by Allenf et al (5) and.Hurley

L
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f et al (112) repérted that thé hemodynamic response to submaximal
exercise o; a bicycle (5) or\? treadmill (112) is unchanged followlng
CWT, In contrast pdpers by ?tone et al (228) and Laird et al (131)
noted that both the - rd/tlh&) HR and the HR response'to a given
submaximal workload were; redﬁce&)following short term weight training
progréms.

Kanaki§ and Hickson‘(116)‘reported a 12% decre;;e in restiqg HR
foliowing 10 weeks owaeight training. The SV was increased’slightly
however no changes in LVEDD or LVESD w:re neted. Fﬁrther, Cettmag et
al 1982, demons&rated an incr=ase in both V02 max and maximum Q,
pulse’ following a 12 weeky CWT ;;ugram.‘ Astrand and Rodahl (12)
‘gxplain-‘that 0, pulse >is ‘an indirect measure of SV. This impyies~

that 1increase in: VO} max nctec Dy Gettman.et al (75) may have bégn
due ‘to an 1increased SV. Tus, iﬂfbrmatfon on changes -in SV
conseduent to CWT would be valuq?Le‘iq delinea;ing the underlying
mechanisms responsible for chang~s in maximal aerobié pawer.
iii) Muscular Strength and Erdu:ange. Investigaté;g who uged the
1RM test for the asgessment of strepgth have réported‘imﬁrﬁvements in
"leg .press or bench press strern.ch raﬁging from 7 to 44%, following a
program of CﬁT (75,76,112). | |

The study, by Gettman et al (78), uﬁilized an isokinetic,dévice
to assess. changes ini muscular stféngth -consequent to ‘a 20 week -
training vprogram."Those subjects allocateq to CWT demonstrated a 43%
increase in' stfength following training. ‘The result observed in the

CWT group was significanty greater than tRose observed in either a

‘control group df aerobic trained group. The program of isokinetic

. . 3
» . X 7 i
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',Cfichitr tfainiﬁg conducted by Géttman et al (77), resulted in an
‘ j';§eragé 31¥ increase in muscular strength, assessed via isokinetic
" bench press and leg press exercises. Weltman et al (242) reported,ani

18-36% increase in isokinetic concentric work among pre-pubertal boys

who completed a 14 week CWT programw usinnghydraulic resistance

t

equipment. Thus, a CWT program can be expected to elict increases in®
mu3cular‘;trength and endurance. .

iv) Cardiac‘Patiénts! ’ Only one grodﬁ has examined the;efficacy of a
CuT ‘inA.coronary patients. Keleman et al (122); compared the effects

of of a combined _jogging/CWT program with those associated with .a

jogging/volleyball program. = The CWT fihcorporatedw'lo exercise
v A ) ,
stations (Universal 'Cym;_variable resistance’ equipment). Each

+ o _.‘w
)

exercise was performed at 40% of 1RM with 30 second work intervals. l

and é 1:1 work—to releif ratio. Upon complétion of training the CWT_J'$
group 'demonstrated a 12% increase in exeréiseafreadmill~ be , and a
mean 24% incre#se in 1RM :strength. 'lThergoégLng/volléy%all group
failed ta demonstrate any change in ‘either treadmill timg\br 1RM

strength. ‘When the patients were stratified on the basis - of

myocardial infarction, CABS, and ‘left‘ ventficular dysfgnction, no

significant differences 1in the magnitude of the aerobic or strength
J .

impfovement was observed. While | ese'results are encouraging, in’
that they suggest that CWT may be a viable adjunct to traditional
walk/jog programs, the compliance of the CWT and volleyball "groups,
to their respective programs may have biased the results in favour of
the CWT. 'Further,. this study used maxi@um treadmil%'tiﬁe an ‘the

index of cardiovascular fitness, however performance time on a

: ’ . . y

“
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treadmill may not necessarily relate highly to'VOé max. (73).

SUMMARY

»

As discussed, variable results have been reported concerning the

»

details of the centrél ‘énd peripheral c}rculatory>adapt5tions to
‘Eraining in %atients_with'coronafy artery disease. ‘Despite the lack
- of clear cut evidencé of a benefipial cardiaqlgﬁfsct, (7}212‘ aerobic
exercise remains the exercise of choice for Zmost rehabilitation
programs. This type of Sxercisé places a heavyidemand on the central
circulation.  Patients with severe coronary artery disease may be
.unable to .tolerate vigorous aerobic exercise bec;use of sympfﬁms.
» Thgy are aléo at risk of ischemic ind?céd arrhythmias thle engaging -
in ,enduran?a type activi;ies (35). Thﬁs it would be of great benefits
Sy ) P .
1f the d;faiping effe:Es colild be achieved without the high central’ rj
cilculatory demands associated with/aerobic exercise. |
It. is suggested that circuit training using hydraulic resistance
‘equipmeﬁt might be  useful for éacients.with.low exercise tolerance,
or ‘ventricular dysfuﬁction. . By, training relafively small musc}e.
_groubs one at a time, the training adaptaﬁions may be achieved
without precipitating a sustained heavy load on the central
circulation. : Iﬁ’ addition to the clinical inté%eéts, it is also of

physiologicél ~interest to evaluate théﬁ{ékfent to which the -

cardiavascular adaptations can be achieved by training which does nof

/’—/’;;Euﬁfe'a suStained heavy demand on the central girculation. °
. A Iz : L .
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FAPPENDIX B
DEFENITION OF TERMS

Afterload: the resistance against which thé‘ﬁeart conrracts.
‘Afterload describes the external forces that oppose
shortening and ventricular ejection, including ventricular
end-diastolic volume, aortic impedance and sytemic vas?;}ar
resistance.

Circuit weight training (CWT): a form of'stEength training inzwhich
different exercises are p;rfbrmeﬂ_with_resistanée equipment in. a
pre-estaﬁiished exercise to rest sequeﬁce. The typical CWT

" program consits of 8 to 12 exercise stations. Ten to 20
réﬁetitions are usually perfromed at each station, followed by a
relief interval (no exercise) of between 20s and 1 minute.

anstant,resisfance: maintained resistance at a stabie level,
although thebmuscle's force generating capacity can vary
conciderably thoughout the range of motion. _ <

Dias;olic reserve: rep}esents the inﬁremept.iq fiber s?ortgning due

~  to an increase in fiber length (i.e,,increased ventricular
filling). The limit to tﬁe diastolic résérve is set by
pulmona;y veﬁous pressure. )

Echocardiography: the transmiésiqn of pulsed ultrasound though the
heart and the detection of the returning'gghos to dgtail the
position and movement of the cardiac acoustié interfaces.' This
technique can deéine intracardiac structures andbthe{r motion
and can be used to measure ventricular cavi;y size, shape and

..wgll t;icknessfr 2
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Ejection Fraction (LVEF): the perceﬁtage of left ventricular end
diastolic volume (LVEDV) pumped from the ventricle:~

Frank-Starling mechanism: the ingreased contraction of the

‘heart muscle caused by stretching of the muscle fibers upon
- o ' ) A3

increased filling of the cardiac chambers.

Hydraulic Circuit Training (HCT): A circuit training program using

variable hydraulic cylinders to provide the resistance to

movement. These hydraulic ~vlinders allow for double .

concentric, bidirectional wac :cle work,
Isokinetic contractions: refers to muscular contractions performed
against a resistance phat moves at a preset constant velocity.
<
Such contractions‘énablg muscle to mobilize their mayimum
.tension-generating capacity thoughout the full rénge of motion.
Isometric‘con;ractions: static muscular contractions with no visible
movement. The limb is isolated at a particular joint angle.
Tension is developed but no mechanical work is performed.
Isotonic contractions: dynamic muscular cont®actiops that are either
eccentric (lengthening) or concentric (shortening). MeéﬁanicaL
work is performed as the muscle shortens or lengthens.

LaPlace law: tension in the vessel wall equals the transmural

. B ’
pressure multiplied by the radius of the ve§sQ} divided by ‘the .

wall thickness \\\\\*‘\

\
Left Ventricyular Erd-b.astolic Volume (LVEDV):_volumevof blood

contained in the left ventricle at end diastole.

Left Ventricyular End Systolic Volume (LVESV) volume of tlood

contained«in the left ventricle at end systole
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Maximal voluntary contraction (MVC) - i orce thL, can be
generaced in. a single contraciic™.

Preload;'the endvdiastoiic fiber leng. - “ne extent of ventricular

| filling before contraction. May be altered by ch;ngés in blood
volume, venous tone, myocardial contractility, and/or
ventri;ular compliance.

Pulmonar? Wedge Pressure: pressure measured by a cathéker wedged in a
small branch artery of the pulmonary artgry tree. A reflection
of left atrial ;nd‘left ventricular end diastolic pressure.

_Radionuclide ventriculography: the assessment of cardiac performance,
at rest or with_interventions; by intravenous radioisotope
injection. There is analysis of first transit though tre
central circulation (first pass technique) or of the ent.re

blood pool after intravascular labeling (equilibrium gated

technique).
Rate pressure product (RPP): an index of myocardial oxygen

. consumption. The product of heart rate and systoiic blood

pressure. .

”

Systolic reserve: represents the increase in fibegfshortenihg due to

increaments in the contractile state and a reduction in

afterload
-,

Wall tension: intramyocardial wall tension is proportioﬁal to the
‘, ! .
product of ventricular volume (radiys). Increased gystolic wall

tension increases myocardial oxygen demand.
o]

. Weight training: refers to a system of strength training in which the

’

muscles exert tension or force to overcome a fixed o variable
Y :
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resistance during the contraction.



APPENDIX C
PHYSICAL EXAMINATION FORM

&
NAME : AGE: SEX: "D.O.B.:__
ADDRESS : .

PHONE: (H) | (W) _ .. OCCUPATION:

HABITUAL PHYSICAL ACTIVITY: Sedentary (no regular exercise)
moderate (1-2 days/week @ THR)
regular (>3days/week @ THR)

SMOKING: Yes __ O No __  Quit

Smoked for _ years. Quit years ago.
Number/day T

ALCOHOL: drinks/week; beer __  wine ___  liquor-__

i

PREVIOUS MEDICAL HISTORY:

FAMILY HISTORY OF:

Coronary artery disease

Hypertension

N : Stroke

Diabetes

o

S\ STEMIC ENQUIRY: C.

QOO
kéch<:m\

Psych.

EXA%%NATION: Pulse N Regular

Blood pressure
c.V.S. ()
R.S. ()
Abd. ()
C.N.S. ()

CHECK IF OK

Comments:

o™
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o "D aPeENDIX D . L
o CURRICULIM VITAE /\

NAME : o ' " Robert Gerald Haenmel

ADDRESS: - . : 10726 67 Ave. -

Edmonton Alberta

T6H 129
DATE OF BIRTH: August 31, 1954
CITIZENSHIP: Canadian S

: e _
. {
MARITAL STATUS: Married; 2 children ) \
x, .

ACADEMIC QUALIFICATIONS:

2

INSTITUTION YEAR OF DEGREE

COMPLETION
¥ .
University of.Al?érta 1987 Ph.D. Physical Education

and Sport Studies.
« Specialized in Exercise
Physiology and Cardiac

Rehabilitation.
University of 1980 T Masters Degree in
Western Ontario . : Physical. Education.
Specialized in Exercise
Physiology.
Univergity of - 1977 * 'Honours Bachelor degrea

Western Ontario in Physical Educatlon.

Q9

PROFESSIONAL EXPERIENCES:

. Post-Doctoral Fellow, Division of Cardiclogy, University of Alberta.
Investigating  the physiological adaptations of patients rwith
congestive heart failure to various exercise modalities. Co-ordinating
a placebo-controlled efficacy study of Carwin (Xamoterol) in heart
failure patients. Also working as a sessional lecturer in the
- Department of Physical - Education and Sport Studies Education. June
1987 -present.

L 3

Research  Fellow, -Division of Cardiology, University of Alberta.
Responsible for several projects investigating the efficacy of various
exercise training programs for ,post-myocardial infarction patients.
May 1986 to June 1987. B '
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 Coordinator, University of Alberta Fitness Unit. This positions’

prime responsibility involved the development and implementation of

~ the ® Fitness Appraiser Certification and Accreditaion program in
Alberta. Further . duties included assisting in /the day to day’

operations. of the fitness testing and lifestyle center, and the

development of materials for the provincial resource center.

May 1982 to April 1986.

Exercise Spgciglist, Alberta Hospital, Edmonton, Alberta. Deveioped

and implemented a:Health-Fitness program, for various services wiq@}a
the hospital. Direct programming responsibilities included the

implementation of a physical fitness appraisal program, and the
establishment of related exercise programs for psychiatric patients.
September 1981 to December 1982.

a ' ciate, Community Recration Development Division, Alberta

"~ Recreation and Parks, Edmonton, Alberta. Researched and developed a
technical planning . manual. Further responsibilities included
assessing- the consultants’ evaluation’ of. provincially funded

Health-Fitness programs  and developing and executive summaries for
these reports. January 1981 to July 1981.

-

Exercise Specialist, Edmonton - Cardiac Instiute, Royal Alexandra

Hospital, Edmonton, Alberta. Conducted graded exercise tests.
Established and monitored exercise prescriptions, and supervised
technical  staff. Further responsibilities included preparation of

educational materials, and seminars for the patients.
September 1979 to December 1980.

'

Program_Director, YM-YWCA, Moosé-Jaw, Saskatchewan. Responsible for

the administration of all Fitness and Health programs within the
organization. . Implimented special  programs for post-cardiac

patients, and employee groups. Additional responsibilities included

the development and supervision jof a fitness instructor trgining

program, and a fitness appraisal unit. Julv 1978 to August 1979.
;o |

°

¢
Ry

Teaching Asgsistant, Faculty of Physical Education University of

Western Ontario. Instructed )fitness classes in Cdrdiac
Rehabilitation and conducted seminars in Scientific Foundations of
Health. September 1977 to May 1978. _ "

1.2 )

.3;}

ultant, London Fitness Foundation, London,
Ontario. Conducted a fitness appraisals and exercise programs for a
variety of employee groups. May 1977 to September 1977.
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