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ABSTRACT

-

Twelve 60-70 and ten 20-30 year old sedentary

h;althy males participated in this study to determine the
effects of endurance tr;iniggiin improving the exercise
Eagacity of elderly indivfduals and to examine the
mechanists related to oxygen transport that may contribute
to’ any guch change. Oxygen intake (VOZ), CO0p output
(ﬁCOZ), ventilation (VE), heart rate, blood-preQSure,7
cardiac ‘utput, and the ability of muscles to generate
short—-term power were measured duribg exercise before and
after twelve weeks of high intensity enﬁurgq;g training.

_ gefore training, the elderly had a 377 lower peak
ﬁOz than the young subjects, assoclated with a lower peak
cardiac output, and arterio~venous oOXygses ((a-v})02)
difference, hegrt rate and-stroke volume and a lower
vascular éondﬁctancggggihe capacity to generate short-term
power was also éboud 30% lower in the elderly.

After t}aining, peak ﬁOz (1/min) increased from
1.599 + 0.073 to 2.212 t'o.ong_(haaz) in the elderly and
2.536 + 0.141 to 3.263 i 0.181 (29f% in the youn;j_ﬁ
Although the extent of the improvement_was'siaa#ar,
different mechanisms captributed to the improveméni 1: the
two éfoups. o J

‘firatly, in. the elderly, peak cardiaé Qutput
(i/min) increased from 12.7°+ 0.6 to 16.5 + 0.4 (30%); the
(a=-v)02 diffe}ence (m1/1) increased only by 62 (126.5 +
3.7 to 13&.7_t_2.7). In the young, there were equal

~

iv



increases in cardiac output and (a-¥)09 difference (147%) .
Secondly, the increase in peak cardiac output in ;he
elderly was accompanied by a marked increase in peak stroke
volume (78.9 1_3.5 to’zf.G + 2.5 ml, 212%2), with a smaller
but significant increase in. peak heart rate (161 + 3.8 to

173 + 3.9 beats/min, 7%); 1in the young, stroke volume and

"heart rate {ncreased to a similar extent (9% and 5%

respectively). In addition, signiflicant 1increases were
observed after training in the elderly in submaximal stroke
volume, cardiac oufﬁgt and vascular conductance; thelr
systollc blaod presaure-dﬁring submaximal exercilse was
}ignificantly lower. Therg were no changes in the young
group. The changes in short-term power output were similér
in both groups; total work increased by 13%Z 4in old and 8%

in young, associated with decreases in plasma lactate and
. .

‘muscle fatigue. These changgs together with decreases 1in

the RER suggest- improved aerobic metabolic processes in
nuscle.

In conclusion, elderly }ndividuais’respond to high
intgnsitﬁ endurance training by increasés’in peaklvoz that

are of the same magnitude as in youhg sub jects. Marked

training-assoclated increases in submaximal and peak stroke
Y

volume and cardiac output in the elderly are accompanied by
decreases in heart rate, systolic blood préssure and

increases in vascular conductance. These changes suggest

improvement in the perfusion of exercising muscles which
enabled these trained elderly to achieve higher levels of

exercise and peak_ﬁOz.
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1. HISTORICAL OVERVIEW

1.1 Introduction

Aging is an i#evitable bioclogical phenomenon.
It is associated with a number of changes affecting
virtually every physiological function and orgaﬂ system.
Many of the aging characteristics exhibited by old primates
in different species are similar and 1in some rggkﬁctﬁ are
analogous _to characteristics of aging humans; erosion of
teeth, deepeniné creases 1n facilal sﬁin, changes 1in halir
colour, loss of reproductive functioning and decreases Iin
functional reserve capacity are examples of common aging
characteristics among different species (Hrdy, 1981).

Aging is anm eveﬁt not many of us view
positively. It is ﬁsgociated with p%jsiﬁﬁl deterioration
or disease, with discrete events in the life cycle that
signify the end. of youth such as menopause, retirement or
becoming a grandparent, and is &lso asgociated with death.
It 1is a pfocess somehow genetically prognammed, with
definable physiological lim;ts'repreaenting a maximum of
about“90 to 100 years of life.

The cliche that one "is as old as one feels"

~ -
has a valid physiological basis, as the rate of aging is



different among individuals. Some individuals lead active,
independent lives well into their 70s and 80s and may have
the physical work capacity of individuals many years
youngef. . Thus blological age does not go hand in hand with
chronological age. It is blological aging, primarily of

the ability to do physical work, that is the broad topic of

\
this thesis.

There are undoubt®dly structural changes
inherent in the aging process that affect an individual's
capacity to do work. The extent to which auch'gtructutal
changeé impair function is dependent on a ;umber of

'faétors} freedom from disease, genetic make-up, healthy
lifestyle and regular physical ac;ivity. The active
centenarians living in the mountalnous regions of the
China-Afghanistan border and the foothills of the Caucasus
mountains are able to continue working in heavy physical
occupations well into their ‘old age (figure 1). The 117
year old-shown in figure 1_€}imb3_a steep hill daily to
pick potatoes for his lunch and co;tinues farming as his
d#ily occﬁpation. The master athletes who rewain active
throughout life have higher capacities for ﬁhysical work
than sedentary in&ividuals of the same age. Presumably

v

ifmprovements can be brought about by physical activity that
n

-

ﬁay inhibit the deterioratidp in exercise capacity commoqu

associated with aging."”Such improvements are likely to



Figure 1. An active °centen§rian approximately 117 years of
age (Leaf 1973, reproduced with permission).

] .



affect the functional rather than the structural age-

v

assoclated changes.

A measure of the physical deterioratiom that
cccurs with aging s the decrease 1n maximal oxygen intake
(ﬁozmax). This 1s a highly integrated response dependent
on the functional capacilty of tﬁe cardiovascular,
respliratory and musculgskeletal systemsy

The work describ;& in this thesis centres
around the age-associated changes in the oxygen delivery
mechanisms assoclated wfth.the decline in the 602mak and
the physiarogfcal adaptations that may occur when the aging
cardiovascular system 1s put under the stress of high
intensity endurance training. This chapter will provide a
review of previous work on this tople; it will outline the
age—associated ch§nges ip exercise capaclty and the

training-associated adaptatfons and mechanisms that may

contribute to any such adaptaffons.

1.2 The Maximal Oxygen Intake

1.2.1 Measurement of the Maximal Oxygen Intake

Maximal exercise capacity Iin healthy subjects

o conventionally measured by the maximal oxlygen intake

(Vo ,max), defined as the highest oxygen intake an

i{ndividual can attain during physical work {Astrand and

%

alra

) -



Rodahl, 1970). It increases linearly with physical work
performed until the Vozmax is reached at which polint

central oxygen delivery mechanlisms are consildered :to have
reached thelir uppermost 1imit: !

Objective criteria fo} the definition of V02max
were firgt'described by Astrand (1952), as the attainment
of a plateau beyond which there 1s no further increase in
oxygen intake despite %urthgr increases in workload; a
bloo& lactate concentration greater than 8 mmoles/litre is
another criterion of oxygen delivery ﬁaviné-reached 4

maximum. Taylor et al (1955) defined the ﬁozmax plateau

during treadmill exercise as an increase in 602 of less

o

than 150 ml/min or 2.1 ml/kg/min associated with an

increase in slope of 2.5%Z at a constant spéed of 7 mph.
In the work described im this thesis, we

determined thg peak 602 duriné cycle exercise,.defined as

*

tha;ﬂn?_Jxxained at the highest sustainable power output; .

the point at which the subjects were unable to maintain the

required pedalling frequency despite maximal effort. As

L
“this value was not necessarily assoclated with a plateau

in V0y, reference will be made to peak rather than maximal
values to indicate the highest values reached by the

sub jects.



K

1.2.2 Age-Associated Changes in Peak VOj

It was in the middle of tﬁ@ﬁlﬁth century that
the relationship between_muscular work and 1inctreased
breathing was first discovered by Robert Boyle (Haldane,
1922). Boyle e#plained that the increased brqgthing which
occurs during muscular exertion was-a necessary
accompaniment of thé-incr@ased consumption of what he
called a "ﬁitro—aerial spirit"l(oxygen). However, 1t was
nét until the middle of the 18th centuty that Joseph Black
discovered that c;rbon dioxide 18 given off by the lungs;

(-_.j‘ﬁﬁx ot

this was followed by Priestley's discovery that oxygen 1is
used during respirstion. Lavoisier continued Black's ané
Priestley's work with experiments on man and wa;'the‘first
to propose-that the consumption of “oxygen and outpup.of
carbon dioxide were {ncreased during muscular work
(Haldane, 1922). Almost 200 years later, in the early part
of this cen%ury, thé meagurement of oxygen consumption
during muscular work became possible. =

The first study that examined therelationship
bety;en peak 602 and ag; was that‘oerobinson!in 1938. A
70 year old male'in Robinson'gmﬁfudy attained only 60X of
thF p;ak ﬁoz of a 25 year old. Both cross-sectionql
investigations, in’which individuals of different aéea are
studied, and longitudinal 1nves?&§ftions, where the same

individuals are followed over a period of- time, have beer



o,
employed to quantify the changes 1in peak 002 with

increasing age. These studies are summarized in tables 1
and 2.

. The¢ annual rate ofvdecline reported In cross-
sectiona) studlies variles from 0.34 to 0.52 ml/kg/min (table
1). The data of Astrand et al (1958) fit the Robinson
(1938) data well; from age 25 to 75 years the anpuallrate
of decline “in peak &02 was 0.46 ml/kg/omin (ﬁobingon, 1938)
and. 0.52 ml/kg/min to age 65 in Astrand et al (1958).
Shepghard (1966) reviewed the world literature on the change

in peak VO, with age in aBlout %,000 males 25 to 75 years of

2

age; the mean peak 002 éf a 25 year old was 3.11 1/min
(45.0 ml/ﬁg/min) and that of a 75 year old was 1.49 1/min
(21.0 ml/ig/min), an ,average hnnuai decline of 0.48
mlf g/hin,'or a decline of abouE’SZZ over 50 years. Dehn
and Bruée {1972) calculated a mean anﬂual decline of 0.40
ml/ké/min. According to their equatioﬂ; peaknﬁoz
(ml/kg/min) = 57 - 0.40 (age), the predicted peak 602 of a
25 wdar old was %6.0 ml/kg/min and that of a 65 year old
was 31.0 ml/kg/min, a decline of about 33Z'over 40 yeafs.iéf

l The popuiaﬁion study of Chiang et-al (1970)

deserves Spécial mention ﬁs itkconsisted of over 1,000

males 10 to 69 years of age, who represented approximately.

SO% of the total eligible population in the community of

Tecumseh, Michigan. Continuous treadmill testing was

]
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employed at 3.0 mph starting at 0% grade and increasing
every 3 mins by 3.0% to maximal effort. The mean annual
decline was 0.50 ml/kg/min. At age 25{ mean peak 602 was
40.0 ml/kg/min declining to 22.0 ml/kg/min at age 65, 45%
over &9 yeaqu__Eowever, for subjects over 40 years of
age, theitest was stopped at a heart rate of 160 beats/min
which may have resulted in an overestimation of the
decline in VO3 witﬁ age.

i

The most recent population study 1is that of

LN

Vogel et al (1986) 1in 1514 U.S. army soldiers, 17 to 55
years of age. A discontinuous treadmill exercise test was

us ed cbnsiéting of.exercisg bouts of 3 to 4 mins at elther
- .
6 or 7 mph with Increasing grades of 2.5% after brief rest

periods. A mean annual decline of 0.50 ml/kg/min ﬁas_

r e

reported. Convertino et 51 (1986) compared the peak &02 in
- ‘.. .
15 middle-aged, men (55 ye;%s) and 15 young men (21 years)

using a sqpine cycle ergometer E?Et starting at{O W phd

increasing by 30 W every'B ninutes ‘to fatigue. The mean

peak VOzlof the 21 year olds was 3.52 1/wmin (47 .2

nl/kg/min) and that of the 55 year olds was 2.74 i/min, a
dectease of 21% over 35 years or 0.34 ml/kg/min per year.

Results from 1ongitudin%L;studies generally
A

‘report a higher rate of decline‘compared to cross-sg%tional

studies; setween 0.23 and 1.04 mllkg/min (table 2). The

‘ v :
study with the lowest rate of decline was that of Dill
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(1935)\>\0 followed his own peak‘\'lo2 from the age of 37
years to the age of 93 years. His peak 602 declined from
3.3 Ilmiﬁ at age 37 to*2.8 1/min at age 66, 0.23 ml/kg/min
per year. At 93 years of age, his peak 602 was 0,760 1/min
which amounts to a decline of about 77% over the 56 years
of follow-up. This 1s the énly study reporting a peak QOZ
in a subject over 90 years of age and it is Iinteresting for
this reason alone as well as for the fact that the decline
between 37 and 66 years was low,‘only about 15%Z, with a
sharp décling over the last 30 years. It 18 thus likely
that the decline in 602 with increasing age 1s not linear,
but accelerates at some point above the age of 60." ﬁiil‘s
(1985) activityxlevel is not ;tated but a peak ﬁoz of 2.8
at age 65 1is high compared to values reported in the
literature. If wé aséume a body weight of 75 kg, this
would,amoun{fso a pegk ﬁoz of 37 ml/kg/min at age 65 which'
is about 19% ﬁigher COﬁpared to the predicted value by the,
Dehn and Bruce equation (197f)-and about 302 higher
cdmpéféd to Shephgrq's (1966) values; 29 ml/kg/min and.25_
ml/kg/min res?;ctdvely.- 2

. ,Foirbw—up measﬁrements of peak 602 in 37 males
tested in 1940 and retested in 1962 and 1971 by Robinson et

al (197%) ;ebeéled a 2827 decline over .31 yegrs of follow-

up, from 48.5 ml/kg/min at age 19 to 37.0 ml/kg/min at age

40 and 35.1 ml/kg/min at age 50. These values were lower
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than those reported in the cross-sectional study by
Robinson (1938); 41.0 ml/kg/min for 40 year olds and 738.0.
ml/kg/min for 56 year olds. The interesting finding In
this longitudinal study was that the subjects who were
active and increased their participation in vigorous sports
such as squash, teunnis and jogging, maintalined or even
1Lcreaaed their peak ﬁoz over the years of follow-u$3
whereas the men who remalned sedentary showed a decline 1in
peak 002. \ )

Dill's et al (1967) 16 champlion runners
followed over 20 years had the hiéhest rate of decline
(1.04 ml/kg/min pér year). However, when the Bubiects were
divided fnto those who continued training ;nd those who did
'not,'the rate Sf decline pqralleled closely their activity
levels; those who stopped training and assumed a sedentary
‘ way.of l1ife smoked more, gained the most weight and had tﬁe
highest rate of decline, 1.04 to 1:59 ml/kg/min. in
contrast, those who continued training had the lowest rate
of decline, 0.24 to 0.77 ml/kg/min. Astrand et al (1973)
:reported a decline of 0.64 ml/kg/min per year 1n:male
physical education teachérs frog—ZS to 45‘ygars of dge;,b_
The subjects trained réguiarly in their youth and most

continued training during the years of follow-up. .Their’

mean peak 602 at age 25 was 4.08 1/min (58.7 ml/kg/min)

v

4 : ™
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declining to 3.28 1/min (45.3 ml/kg/min) at age 45, a
decline of 20% over 20 yearsf

Results from longitudinal studies reveal higher
rates of decline in sedentary subjects compared to aﬁtive
gubjects,which suggeats'that exerclise may ﬁlow down the
d;cline in physical capacity that 1is commonly assoclated
with aging. The results of Dehn and Bruce (1972) over 2.3
years of follow-up con;ur with results from longer follow-
up studies; gigher rates of decline 1in peak 602 in
aedenéary subjects (1.62 ml/kg/min) compared to D.56
ml/kg/min in active subjects.

It Yould appear from the above studies that
there are ﬁifferent rates of d;cline in‘peak 002 with
increasing age and that physical activity or inactivity is
a major factor; either slowing dowmn or acceleraéing the
rate of decline. Clessification of subjects by two levels
of physical activity, aﬁtive and inactive, may be an
oversi;plification; there are likely a number of dif%erent

o . .
slopes of the relationshi etween peak @02 and age that
represent diffefent ph¥sical activity levels and
lifestyles. Tﬁeahigher rates of deciine,sugéested by
longitudinal studies hay be related to the initigl levels

5 ' %

of fitness of the subjects; individuals with high initial

peak 602 values ﬁho become sedentary as they grow older may

have a higher annual rate of decline, over-1.0 mwl/kg/min as
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reported by Dillret al (1967) and Dehn and Bruce (1972).
However, 1individuals with a;erage or above average peak 902-
in youth, who engage 1in some form of endurance training,
may experience a moderate rate of decline, similar to that
reported in cross—-sectional studies; between 0.40 and 0.60
ml/kg/min per year. Based on the ﬁiﬁdings of Kasch et al
(1985), aﬁbjicts who participate in a regular, high
intensity training program may have a much slower rate of
decliné, at ieast‘up to the age of 60 years, as also
documented in the case study of D.B. Dil} {Dill et 51,
1985) and in aging master athletes (Houston and Green,
1981: Heath et al, 1981).

JApart from differences in the physical activity.
levelsépf‘the subjects, differences 1in testing procedures
add tﬁ‘the‘sifficulty in comparing results from different
stuaie;. Furthermore, th;r; is a relafive lack of subjects
over ;hé age of 60 years who are not ex;athletes. Only
three cross—-sectional and.two 1ongitudinal studies included

over 60 year old untrained subjects; only eight out of a

:

total of 81 suﬁjects in Astrand's (1958) study, 14 out of

. 4 | _
86 subjects in the Dehn and Bruce (1972).study and 30 out
of 1,064 in Chiang et al (1970). Fwo of the 16 champilon
runners studied by Dill et al (1967) were over 60 years of

age. Only in the study by Kasch et al (1985) was the

majority of subjects over 60 years of’ age. queier, in
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this study, the subjects were training over the 18 years
of follow-up. Trﬁus the rate of decline in peak \.102
reported in the literature 1is based largely on peak 602

values of subjects in their middle years and may not be

'representative of the elderly non-athletic population.

Another limitation in interpreting the results
from different studies is a reluctance to test elderly,
untrained subjects to maximal effort. n the study by
Chiang et al (1970), subjects as young as 40 years of age
wére not allowed to exceed a heart rate of 160 beats/min,
which amounts to about 85%Z of their predicted peak heart
fate. Therefore, thée likelihood exists that in at least
some of'theiq subjects the observed values were not
representative of the subjects' maximal effort.

It is for these reasons that we undertook a
cross—-sectional studylof males 15 to 70 years of age, as a

background investigation to the training studies reported

-1in this thesis; a baseline was needed for comparison with

thg foung and elderly subjects who participated in the
present stuqf. Details of the cross—-sectional study will
be given in Chapter 2. ‘B}iefly, attention was paid to'thé
number of subjects In each agé group -from 15_Eo 70 years,
énd to body height; welght and lévels of physical activity.

.The testing protocol and personnel were the same in both

the cross-sgctional and training studies, and the sub jects
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who participated in both studies came from the same
comnunity. Thus we feel justified in using the results of
our cross—secthngl study as a baseline for comparison wttﬂ
the results 1in the present investigation. Based on the
cross-sectional study, the Predicted p;ak 602 of a 25 year
x 0ld was 44.6 ml/kg/min and that of-a 65 year old was 26.4
ml/kg/min,.a reduction of 40% over 40 years. iThe mean
annual decline in peak Voz was 0.44 mllkglmin,'which
compares well with results reported 1in cross-sectlional
studies and further supports the earlier argument that tle
annual decline in peak ﬁoz with increasing age lies between

0.40 and 0.60 ml/kg/min.

1.3 Age—Agsociated Changes in Haemodynamic Function

——

The decline in peak 602 with increasfng age is
associated with a number of.age—related changes 1n
cardiovascular and muscle function. Associated with these
fdncfional changes are changes in structure. The emphasis
in this{thesis is on age—associated changes in function and
‘the role of ;ndurance training in improving the functfongl

capacity of piderly subjects; structural changes will be

reviewed briefly only to clarify changes in function.
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1.3.1 The Fick Principle

Cardiac output (Q) may be related to oxygen

intake and arterio-venous oxygen ((a-v)0p) difference

through the Fick principle:

. Q = V0, ~  Equation 1
(a-%)0, dLff.

5 S

!

Also, cardiac output 1is the product of stroke ;:I;he (vg)

and ,cardiac frequency (f.):

Q =.Vg x fo Equation 2

N
The peak V07 i1s influenced by the maximun cardiac output

L)

and maximum arterio~venous oxygen diffetence:
&

. - 2
VO0g = Q x (a-v)0p diff., Equation 3
. A

Changes Iin cardiac output and its determinants, heart rate

and stroke volume, are capable of exerting major influences

.on peak ﬁOz.

wIhe cardiac output is a measure of the rate at

which the hesart pumps the blood through the circulatory

»
.

system and has been the suﬁject qf specglﬁtion since the
discovery of the‘cifcuiation Sp William Harvey in 1628
{Leake, 1970). Har#ey theorized thas “...1f the heart in a
:single beat in man, sheep, or ox, pumps one dram (SHAraﬁs =
‘1 ounce) and there are 1,000 beats in half an hour, the

4

total amount pumped’in that tiﬁg would be ten ﬁouuds five
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ounces” (Leake, 1970, p. 76). Thig was the first attempt
at a quantitative estimate of cargiac output . Harvey
also recoghized that a number of factors influence cardiac
output ..."1 know and state to all that the blood i1

ransmitted sometimes in a larger amount, othe;'times in a
smaller, and that the blood chrculates sometimes rapldly,

sometimqﬁ_a%ﬁaigT“E?tording to temperament, age, external

or int4rnal causes, normal or abnormal factors, sleep,

»

rest, food, exercise, mental condition, and such like"

p. 77). Thus, Harvey‘was thewafirst to
recognize that exercise and age may affect cardiac output.
Almost three centuries passed before the

cardiac output in man could be experimentally determined.
' ,
This was initiated by Adolph Fick, who in” 1870 described
what has since been called the Fick Principle; tﬁat all the
blood pumped by the heart passes through the lungs where
the exc#ange of oxygen and carbon dioxide:occurs.
&herefore, Fick pointed out, that.a kn&wledge of either the
oxygen or carbon dioxide contents of the blood, before and
after passage thrOugh the lungs together with a knowledge
of the total oxygen or carbon dioxide exchange; gave the
necessary data for the calculati®n of the cardiac output.
Mixed venous blood was obtained by puncture of the right
heart; arterial blood was obtgined from the left heart or

»

from any artery. By analysis of these bloods the amount of
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oxygen taken up by the tissues per unit volume of blood and
the amount of carbon dioxide taken up by the Blood could be

ete;mineq. l.'I‘hus based on the Fick equation:

‘N’ Q = LAY _~
(a-v)0, diff.

Ihel%ick principle'wah first applied by Grenhant and
Quigquad in 1886 in dogs and.gy Zuntz and ﬁagemann in 1898
"in two horses (Grollm;n, 1932). Zuntz .and Haggmann were
the firs to dgmonstrate thdt cardiac output increases
during exercise. The first applichtioﬁ of the direct Fick
mrocedu{e in man was performed by Grollman {in 1930
(Grollman, 1932). The progedure involved cardiac puncture

N

of the left and right heart through the first intercostal

!

space whiﬁh was both impractlcal and potenéiéily hazardous.
.Nevertheless, these ea;Iy studies were the first to
demonstrate resting cardiac output values in man, reported
to range between 3.0 and 5.0 llmin‘(Céollman, 19353.
Grollman's piloneer study of repeated

determinat{ons of cirdiaé cutput in one subject, at several
day‘intérvals dutipg a period 6f two years%—fﬁ*etled'that-
cardiac output uﬁder basal Eonditioné is not subjecf to
daiiy or seasonal variations. The values reported 1n.this
subjecé'varied'betWeen 3.60 1/min ana 4.16 1/min, mean of .

3.90 + 0:2 1/min. The expériments were carried out in the

gubject's'hpme, shortly after the subject woke up in the
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morning. Thée subject was reported to be "young, healthy,
of good physique and complacement temperaﬁent." No other
gyéscriptive characteristics of the subject were given. /

By the ear ly 19408, when <cardfifac

v

catheterization was popularized, the Fick principle began

to be widely used for the measurement of cardiaﬁ ocutpdit 1in

5

man (Guytom et al, 1973). Since then, a number of non-
invasive procedures have been used for the determination of

cardiac output at rest and duriné exercise. In this

L.

‘thesis, cardiac output was measured by the indirect sFick

principle using the CO2 rebreathing equilibratfﬁn.method

(Jones et al, 1967; Jones and Rebuck, 1973). E&Fa method

18 based on the estimation of arterial and venous carbon

>

dioxide concentrations from respired gases, 'and the

Y

measurement of the carbon dioxide‘outbut from which cardiac
output is calculated by the Fick principle (Chapter 3):

é

.

A é (llmin)'- VCOp - Equation 4
. ‘ : . : - - {C¥-ta)C0y
1.3.2 Age-Associated Changes in Cardiac Output

2

Grollman (1932) pointed ‘out that "dur knowledge
of the variation of the cardiac output with age 1s sadly
deficient.” This statement 1is to some extent true today.
. - .
Relatively few studies have examined the changes In cardiac

-oufput during exercise in older individuals (60 years of
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age). Thus much of what we know ong this toplc as well as

on the rtegulation of cardiac output during exercise 1s

-

based on studies that eﬁployed young subjects. .
'ﬁ Grollman (1932) theorized that "the
circulationz like many other physiological functions,
becomes mére sluggish with advancing ageﬂ“ ae based this
hypothesis on the "ruddy holour and bright red mucous
membranes of youth"\which “change to the dull anemia and
cyanosié of age” (Grollman, 1932, p. 90). Thege staFements
do not paint a bright picture for oldeg indiv%;uals and are
a good example of the perceptions of not so ﬁany years 4go
oﬂ the physioclogy of aging. We know from master agﬁléFeé
that older individuals are capable of maintaining a high
level of physical functioning and that they need not become
' ~ .
anemic, cyanotic or sluggish. Nevertheless, changes do
occur. in the kging circulation and these are reflected by
changes.in the peak cardlac output-with increasing age.
The work of Brandfohbrener et al -in 1955
stinmuvlated Iinterest on th; effgcf of agé 6Hézz;aiac output.
Resting cardiac'output was measured in 67 mal?s free from

signe of cardioVascular disease, between 19 and 86 years of

-

.age, using an 1indicator dilution technique. Resting

cardiac output decreased with increasing age from about 6.5

1/min at age 25-35 years to 3.9 1/min at age 75-85 yearé;

a
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~ Kl
“

.an average decrease of about 1% per year; stroke volume

decreased on the average about 0.7% per year.

Studies that included exerclse cardiac output
measufements in oldér individuals, over 60 years of age,
are few. The first study on haemodynamic function in older
individuals is the work of Strandell 1in 1964. Resting and
exercise cardiac output were measured in 17 healthy males
61 to B3 yeare of age using'thh direct Fick method.
Resting cardiac output (5.78 1/min) and stroke volume 86.1
ml) were 24z*lower in the old compared to the young men
(mean age 23 years). Dﬁring exerclse (cycle ergometer),
cardiac output increased linearly with intreasing Voz; the
sloﬁe of this relationship was 6.0 llqin per litre increase
in ﬁdz énd was not significantly different Erom'the slope
observéd in the young subjects. However, the intercept of
this relatiénship was lower in the old (3.01 l[min) which
resulted in a lower carfiac output {about 1.5 1/mim) In the
elderly at a givén level of o;§gen intake.

Similar findings were rqported by Julius et al
(1967) usi;g the indicator dilution method during cycle
ergometry; peak cardiac output was 12 1/min in 50-69 yeat
old and 16 1/min in 18-34 year old males, a difference of
about 25X%. Thislwas associated with a lower heart rate
(15%) “wnd stroke valume {(11Z). Faulkner et al (1977)

exqﬁiﬂed.the cardlac output-oxygen intake relationship in

-

t

o A\
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men 17 to 71 years of age using a CO2 rebreathing method
and found no differences iﬁ'thg slope of this relatlonship
for men of different ages. The Iintercept was signfficantly
Jower for inactive men, older than 40 years, with peak 002
values less than 30 wl/kg/min. For these men: cardiac
output could be estimated If an intercept of 49 ml/kg/min
and a slope of 5.9 were used. For physically active men of

all ages a slope of 5.2 and an intercept of 66 ml/kg/min

was reported to give a good estimate of cardiac output at

-
4

re;t and during exercilse.
Hossack et al (1980) estimated the éardiac
output of 99 healthy men 20 to 73 years of age, baced on‘
the regressio; equation calculated from the results in 10
~,men 20 to 64 yéars, using the direct Fick method during

treadmill exercise; Q {1/min) = 5.31 + 4.6 (V02). Peak @02

decreased. from 20 to 73 years at a rate of 0.45 ml/kg/min
¥

per| year, assocliated with a decrease of 0.17 llmlﬁfper year

= } i -
in estimated cardiac output. Stroke volume and heart rate

decreased at a rate of 0.36 ml and 1.0 beat/mifi per year
respectively. ~ No gajqf age—assoclated tr;nds‘wége observed
by Hanson et al (1968) 1n cardiaé output estfmaéed by the
dye-dilutidn method at rest and during tréadmill exercise,
.1n 75 healthy males 20 to 49 years of age. Fifteen -out of
their twenty~five 40 year olds complefed the same peak

power output {14% grade) as the 20 year olds, which
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suggests similar exerclse capacities in the two groups.
The 10 men who did not complete this power,output had a
lower peak gardiac output (21%), 17.9 1l/min compﬁ}ed to
22.6 1/uin in the 20 year olds.

A recent study by Rodeheffer et al {(1984)
reported no decline 1in peak cardlac output.in 61 males 25
to 79 years of age. The subjects were a subset of the
subjects from the.Baltimore Longitudinal Study on Aging who
are healthy, physically active, communlty-~dwelling
individuals tested every 1 1/2 to 2 ;ears. Freedom from
;ardiac or hypertenéive'disease was established by histpryt
examinafton, exercise electrocardiography and st;ésﬁ
thallium scintigraphy. Cardiac output, stroke volume and
cardiac volumes were determined using gated radionuclide
scintigraphy du;ing upright cyc{e exerciée. There was no
age effect on rTestiny or peak cardiac output (ﬁ (1/min)
= 20.4 - 0.0S‘agé). Since peak heart rate decreased-with
.lacreasing age (heart rate = 208 - 0.95 age), cardiac
output was maintained by ,a higher gtroke volume, which was' -

associated .with a higher end-diastolic volume. Peak VO3

was not measured in this study. .

These findings differ from sfudfes reviewed
_earlier which showed a fall in peak cardiac output with
increasing age associated with a fall in peak heart rate
and stroke volume. ?his may behexplained by differences in

the subjects used. The subjects in the Baltimore

™~

2

-
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Longitudingl Study on Aging were a select group of
physically active, highly motivated individuals with above
average exerclise abilities; the HecLine with age in the
peak workload (watts) in this group was only 0.54 W per
year {(maximum workload (watts) = 157 - 0.54 age) whicﬁ
would give a predicted maximum workload for an 80 year old
of 11A‘W (aSout 690 kpm/min) and 146 W (860 kpm/min) for a
20 year old, a decrease of only ZZZa;ver 60 years.
However, in most EEudies of 20 year old males, maximumn

power output 1s about twice this value. Furthermore, the

young age

oup In this study‘was too broad, 20 to 44

Wi

years; the emainder of the subjects were divided into

groups rangtig between 45, and 64 and 65 and 80 years, which
tends to put a greater emphasis on the 'over 45 year olds.

In summary, théré‘appears-to be a décline in
peak cardiac output of about 30 to 35% between 25 and 65
years, associaged with a fall in peak heart rate and stroke
§01umé of abﬁuf”iZ to 142%. in the following section,
relevant structural changes that may contribute to these
age-related changes.will be reviewed.

4

1.3.3 Age—Associated Structural Changes | ’

L
Studies of isolated hearts and cardiac muscle
from aging animals suggest‘significant décreaseq in overall

cardia¢c function resulting from a number of age-related

|
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changes. The early studies of Wilens and Sproul in 1938
documented the presence of ;n age-related increcase in
myocardial fibrosis 1in the aged rat heart with
hypertrophied bundles intermingled among the fibrous
tissue. The increase in the amount of connective tissue
wiEhin the myocardium 1is believed to result in diminished
‘myocardial compliance (Tomanek et al, 1972}).

Progressive obliteration of the'myocardial
’capillaries was reported by Rakusan and Poupa (196&) with a
decrease ian the capillary—-fibre ratio in the heafts of
senlle rats. These findings were confirmed by Tomanek
(1969) 1in non-exercised }ats. However, exercised old
animals in the saﬁe study (Tomanek, 1969) had a capllleary-
fibre ratio equal to that of non-exercised young adult
animals.. The jncrease in the capillary-fibre ratio was
assotiatéd with an increased capillsery density. .

Autopsy data in ‘about 7,000 human hearts
examined by Linzbach ang Akuamoa~Boateng (1973) revealed
that between 30 and 90 years of age the heart increases in
mass on an average of 1 to 1.5 gramslx?ar (cited in
Lakatta, 1979). ©Left ventricular wall thickness détermineﬂ
by echocardiography appears to increase from 20 to 80 ;ears'
in healthy men and women distributed evenly among Bedentgry
and manual otcnpations (Sjogren, 1971). The subjects 1in

this study were free of cardiovascular disease based on



27

repeated clinipal evaluation aﬂd treadmill exercise
testing, with blood presfgure values less than 140/90 mmHg.
Thus 1t appears that the aging heart enlarges
with Increasing ag and the myocardium becomes more
fibrotic and 1ess'vascular. These changes 1In ;tructure

will likely affect function, the extent to which may be

modified by physical act?vity.

1.4 Skeletal Muscle Blood Flow
1.4.1 Integration between Cardiac Output, Arterial
1

Pressure and Vascular Conductance

William Harvey recognized in 1628 that "the
arteries are the vessels carrying blood from the heart to
the body, the veins returning bIood from the body to the
heart, the one away from the heart, tﬁe other tgward the
heart, the latter cgrrying imperfect .blood unf%t for
nourishmen®t, the former perfected, nutritious blood"
(Leake, 1970, %. 72).  Harvey theorized that the arteries
which are high pressuré vkssels are equipped with strong
vascular walls; "because they must withstand the pressﬁre
“?f the pumping heart and rﬁshing blood™ (Leake,‘1970, p-
130). The veins on the other hand, transporf the blood

back to the Peart and have flacecid, thin walls compared to
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the arteriles. These descriptions outlined over 400 yedrs

ago, hold true today.

.The arterioles are the terminal branches of the
arterial tree; their muscular walls can conatrict-or dilate
altering the diameter pf the vessels and controlling organ
blood flow. For this reason, tﬁey are rgferred to as the
resistance vessels or the vasomoto; system (Rowell, 1#86).
The amoﬁnt of blood that flows into the veins "is therefore
regulated by the arterioles. :

The veins are also equipped with a muscular

wall but are highly distensible vessels capable of storing

large amounts of blood as the pressure increases. For this

reason, they are referred to as capacitance vessels or the

venomotor system (Rowell, 1986).

Blood flow (Q) through a vessel 1is determined
by the pressure difference tending to push blood through

the vessels and the vascqlar conductance (g). .Therefore:

i .
Q = (Pa - PV) x'g Equation 5

.

L

where Pa and PV- are the arterial and venous pressures.

-

The mean arterial pressure {s the average

pressure tending to push blood through thé systemic

v N
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circulation. Since the right atrial pressure in healthy

subjects 1s nearly O mmHg, the amount of blood that flows
into the heart each minute (venoug return) and that 1is
pumped each minute (cardiac outﬁut) is8 determined by the

£
-] .
arterial pressure and the vascular conductance:

" d = Pa x g Equation 6

Therefore, aséuming a constant or nearly constant arterial
pressure, venous return and cardiac output are proportional
to the vascular conductance. In other words, when .the
peripheral arterioles dilate, venoué return and car&iac
output increase. However, this will only occur 1f arterial
pressure can be maintained.

From equation 6, arterial pressure is related

\
to cardiac output and vasculdr conductance as follows:

Pa = Q Equation 7

If all arterioles were to become fully vagodilated,‘cardiac
cutput would‘have ;9 increase by a proporéional amount to
maintain a}terial pressure. The}efdre, the'peripheral
arteriqled_control blood flow through the various organs by

vasodilation or vasoconstriction, which need to be balanced

between the metabolic needs of the tissues and the capacity
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to raise cardiac output sc that arterial pressure 14
maintained. From equation 7, vascular conductance Is

expressed as the ratio of cardiac output to mean arterial

4

pressure:

g (1/min/mmHg) = Q/Pa Equatf{on B8
Fa

[

The above discussion outlines the delicate_ .

balance between the peripheral and central circulation 1in

maintaining the arterfal pressure necessary for adequate

perfusion.’ ' <

1.4.2 Regulation ofnékeletal Muscle Blood Flow

The ability of arterioles to alter their
diameter was first recognized by William Harvey in the l6th
century when he wrote: "So the terminal arterges appear
1ike veinsf qot on}y in structure, but also in functlon,
for they rarely show a perceptible pulse unless when the
heart beats violently, or the arterjole dilates or is more
open at the particula:ﬂ?oigt“ ({iZke, 1970, p. 130). The
arterioles are umher the influence of an inherent
constrictor tone, known as basal‘tone (Barc}oft, 1963).
Neural and humoral influences modify this tone either
increasing or decreasing it and éhus regulating the amount

of blood flow to the tissues. - An {ncrease in basal tone

will result in vasoconstriction which will decrease

f
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conductance, while the opposite is true if the basal tone
is decreased. Skeletal muscle vessels have a high basal
tone and are also under the influence of a tonic
éympathetic vasoconstrictor outflow that provides a resting
sympq&hecic tone. A Q«é:er of factors alter the

vasoconstrictor tone in skeletal muscle arterioles.

1.4.2.1 Neural Control

Sympathetic postganglionic nerﬁ; endings to the
smooth muscle of the arterioles release norepinephrine
which binds with alpha receptors on the‘cell membrane to
produce the vasoconstrictor effect. The binding of
norepinephrine to the alpha r cePfors ﬁfuséé an Increase in

the pefyeability to calcium\ i the cell membrane and

sarcoplasmic reticulum whiché}n;tiate:\Tﬁe contraction of

——

-_:izﬁylar smooih muscle. Thf;interaction between the alpha
drenergic receptors and norepinephrine is inhibited by

0 .
alpha adrenolytic agents suth as phentolamine (Shepherd and

Vanhouette, 1975). ,,4\ ) ‘ . -

» o

. | The presence of vasoconstrictor sympathetic
nerves in skeg;tal muscle vﬁssels was shown by Barcroft and
Swan (1953). After reléase of vasoconstrictor tone by
blocking of the radial, .median and ulnar nerves above the
elbbw, which were cohhiqered tec carry the Qyméathetic

nerves to the muscles, blood flow almost doubled on the

side of the nerve blocks. The significance of arteriolar



32
vasoconstrictor tone 1s.ev1dent from experiments where
sympathetic outflow to the periphery was blocked by total
splnal anaestheslia; this resuited in a fall In arterial
pressure from 100 to 50 mmHg (Guyton et .pl, 1973).
Therefore, if all tonic constrictor influences were r emo ved

and vascular smooth muscle were_full? relafbd, cardfhc

output would need to increase beyond {its capaclity rto
- :

. ) .
~maintain a constant arterial pressure (Rowell, 1986). Thus

alterations 1in arteriolar vasoconstrictor tone have a
*

profound effect on arterial pressﬁ:e and cardiac output.
The presence of sympaéhetic vasodilator. fibres
in human skeletal muscie vessels 15 ieés clear; nhé first
demonstration of a vasodilator effect was reported bys
Ba;créft and Swan (1953) during an experiment  in which the
suﬁj;:t fainted; during the falint, thé suggect'q blood
pressure fell but forearm blood flow increased. The neural
mechanism was believed to be mediate§ via synpathetlc nerve
fibres; sincényasodilation was absent 1i sympathé®omized
forearms (Barcroft, 1963). These fibres are believed to be
cholinergic aﬁd to trgvel together with vasoconptrictor:
synpathetic f}bres in periph?ral motor nerves {Burnstock,

1980).

T Mental. and emotional stress and reduction in

>

cifculating plaod volume were shown to result in /fmarked

vasodilation in the forearm (Greenfield, 1966). Support

for cholinergic vasodilartor in human muscle wag ' ‘reported
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by Blair et al {1959) after cmotional stress {subjects were

frightened because they belleved that they were suffering

. from gevere‘blood loas). The vasodilator responses were

reduced by atropine but were unaffected by anaesthetic

blockade of cutaneous nerves 1in the forearm {Blalr et al,

1959). Holling (1964) on the other hand, found that
sympathetic nerve block did not abolish the vasodilator
response to mental afithmetic, and Allwood et al (1959
reported a reduced response after adrenaiectomyi} Thus
there is no consensus as to whether this response 'is neural

-

or humoral.

1.6.5.14 Métabolic Control

Blood‘flow is closely related to the metabolic
needs of the tissues. Gaskell proposed in 1877 that the
clqse 11ink betéeen metabolism and blood flow may be
mediated via sympathetic nerve stimulation which results in
skeletal ggscle vasodilation. However, three years later,
he‘repofted that vasodilation céqid b;uin&ﬁced in
denervated m&eclqs_by oxygen lack; lactic acid and
incx:‘eased.co2 (Gaskell, 1880; Balis, 1901); these were
among the first reforts implicating locally mediated
mefabbltc factoré-insskelet;1 muscle vasodilétion. Hilton
(1553) shdwed'that the muscular Eontractions and

vasodilation elicited by motor nerve stimulation are

abolighed by curaré.' Since .curare does not affect
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vasodilator nerve endings, 1F was concluded that the
vasodilation must be related to the contractile process
(Hilton, 1953; Honilg and Friersoﬁ, 1976).

The basic céngept ofe a metaboiic cqntrol ia
that the Thigh basal tone which_characterizes skeletal
muscle vessels canybe inhibited by local accumulation of
metabolic by products. This in turn ;ill regulate vascular
condﬁétance as 7/close finction of the metabolic needs of

the tissues. The general approach taken in investigations

of the ielationship between metabolism and vasodilation has
i =

X

been to increase the amount of work or to lower the
1

avalilability of oxygen. On this basis, some of the

suggestéd vasodilators are lower PO2 and elevated CO2 H+
conckqtrat:lon, potassium and adenosine. Y
Vasodilatfion occurs in skeletal muscle
1mmediaté1y before muscle con&raction {pre-exerclise
vasodilatlion) as well 'as during and after muscle
contraction (exer;ise and post-exercise vasodilation).‘ The
pre-exercise response 1is believed to be mediated by
sympathetic cholinergiq nerves ;s part of an enticipatory
reaction to muscular eierciée, which gerves to direct the

-

increase in cardiac output to the muscles who ‘are about to
exercise (Sﬁephérd and Vanhouette, 1975; Burnstock,
1980). The vasodilator responsé during and after

contraction does not appear to involve cholinergic neyrves,

o | oB A
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as the reeponse persists Iin the presence of atropine (a
cholinergic nerve antagoanist) and after sympathectony
(Barcroft, 1963; Jones and Berne, 196&)1

Stowe et al (1975) observed that when venous
blood draining exercising dog skeletal muscle (with low
P02, pH and high PCOz) was pumped into a resting control
muscle, vasodilation resulted. hRaising the PO, of the

2

venous blood from the exercising muscle removed most of the -

—_

P

vaspdilator effect. This led to the implication of a fall
in arteriolar wall PO2 as a primary vasoactive mediator.

However, changes ~in venous PO2 and blood flow do not follow

S
50 mmHg before flow is affectec (Rowell, 1986v).

each other closely and arterial PO2 must fall below 40 to

The evidence for adedlsine as a mediator of
P ¥
skeletal muscle vasodilation is also weak; venous plasma

1
adencsine concentrations in-blood-perfused dog hind limb at

constant flow did not lpcrease during mus@ie contraction in

gsufficlent amount 6? suggest a role in muscle vasodilation
[ v

-

{Bockman et al,_1975)“ ~Furthermdre, theobhylli e }nfused
in b}ood~perfused isoldted dog gracilis mhsije did not
affect blood flow dufing muscle contraction kTabaie et al,
'1977). Honig and Frierson (1976) verified and extended the
results with theophylline by éhow;ng‘that-dipyridamole (an .
adehosiﬁe po&entia:ing agent) did noé increase bleood flow |
duTing exercise. However; in aboﬁt half of the muscles

tested, dipyridamole prolonged the recovery. in blood flow

r
)
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after muscie contraction had ceased. Thus adenosine may
have a limited-role during exercise, but may contribute to
the post—exerclise Eyperaemia.

, Forrester (1981) proposed that adenosine
triphoaphﬂte-(ATP) may be a more potent vasodilator than
adenosine; venous blood draining active human forearm
muscles (Forrester, 1972) and exercising dog hindlimb {(Chen
et al, 1972) had ATP concentrations in amounts paralleling

\Ehe level of wmetabolism. Since cell meobranes are
_ considered to be Iimpermeable to ATP, the mechanism of ATP

release 1into venous blood may be facilitated Hy hypoxic

conditions within the smooth muscle cell which are believed

to make the cell membrane more permeable t? ATP. However,

Dobson et al (1971) could not confirm the release of ATP in
—— contracting frog sartorius muscle.

Perhapg.the strongest evidence for local
vasoactive substances in exercis;ng skeletal muscle is from
cross-perfusion studies when venous blood draining actlive
muscle infused into resting muscle resulted 1in
vasodilation. However, there 18 no concensus a; to

the nature of the ggsoactive substance or the mechanism of
Y )
its release. A major difficulty relates to the measurement
of tissue metabolites in the interstitial spaces where

thefr action on blood vessels is likely to take place, as_
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concentrations from venous effluent may not reflect

fnterstitial concentrations.

-

1.4.2.111 Imteraction between Neurogenic and Metabolic

Factors r

“An important aspect in blood flow regulation
during exercise 1s the ability .of skeletal muscle to
vasodilate even in the presence of intense vasoconstriction
induced by sympathetic stimulation, as for S}ample during
maximal-exercise. The term functional vasodilation 1is
often used to refer to the net result of a competition
between central vasocongﬁrictor and local vasodilator
'fnfluences. Thus during exercise, sympathetic discharge to
the resistance vessels of ﬁon-exercising muscles 1s
believed to reshlt in vasoaonstricti;n, while local
metabolike factofs prevent vasoconstriction in active
muscles which would then vasodiléte. This may explain the
increase in vascular conductance observed during exercise.

) | However, Donald (1970) and Rowell (1@74) have
shown that vasoconstriction can occur in active skeletal
muscles even during heavf exercise; they determined leg
blood flow in dogs during.treadmill exercise befof? and
after stiﬁulétioﬁ of the ltmbar sympathetic chains.

Sympathetic stimulation resulted in a decrease in leg blood

{
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flow, that was more during mild ?xercise (60%) compared to
45% during heavy exerclse. These findings suggest that as
the exercise stimulus increases, the vasoconsfrictor
sympathetic influence 1is progressively diminished, but 1t
is npt abolished. Thus exerclising muscle can be
vasoconstricted by increased sympathetic activity. " As

- ™
discussed earlier in this chapter, the vasoconstriction-
vasodifﬁtion interaétion during exercise 1is {mportant in
the regulation of arfhﬁial pressure.

Rowell (1986) argues that the capaclity of the
peripheral vasculature to dilate and Fhus to increase
vascular conductance exce®ds the capacitylto increase
cardiac output; Thus if all skeletal muscle arterioles are
maximally vasodilated, as would be expected to occur
during whole*hody heavy exercise, cardiac output -would be
unable to sustain an adequate level of arterial pressure.

-

Therefore, the ipteractiorl.between |1euroéenic
vasoconstrictiaon and metabolic va;odilaéion in active
skeletal muséle 1is ﬁalanced against the capacity to faise
cardiac output so that arterial pressure does not fall.

-«

1.4.2.1v Age-Associated Changes in Skeletal Muscle Blood

Flow
There is a lack of stg}&es on skeletal muscle

blood flow during exercise in elderly subjects. Wahren et

m——————"2
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al (1974) reported the first comparative study on changes
ifn blood flow during exercise in seven middle-aged (50-59
yearg) and eight young (25-30 years) highly £rained
males. Resting leg blood flow measured by an intra-
arterial indicator infuslon technique was similar in the
two groups. During exercise, blood flow increased in a
curvilinear fashion in the older subjects; from a resting
value of 0.53 1/min the {increase Qas,linear up to a VOZ-of
2.5 1/min""(about 60%Z of peak 602; during exercise at heavy,
near maximal work intenmsities, tﬁe blood flow tended to
level-off. The rise in leg blood flow relative to‘\'lo2 w;s
significantly lower in the middle-aéed subjects associated
with a higher leg arerio-venous ox&gen difference, so that
the leg 602 was similar in the two groups.

The finding of a lower leg blood flow in these
middle-aged; well trained malesKmJ;ﬁ;;dicate a hypokinetic
circulation with increasing age; this is in agreement with
the conclusions of Graﬁaéh et al (1964) who reported a
lower cardiac oufput (about 2 1/min) during exercise in
eldérly comp;red to young sub jects. Amefy et al (1969)
obSeﬁved a decrease in maximum bléod flow (Xenon clearance
methoqz aftef flexion and extension exercise at-the ank%@
joint in both healthy and hypertensive patients 17 to 75

L
years of age.
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Van Brummelen et al (1981) recentI; reported
a decreased vascular response to intra-arterial {nfusion of
igsoprenaline (a beta-adrenoreceptor agonist) in elderly
sub jects. Vascular bgta—adrenoreceptor sensitivity was
examinea in seven 53-70 years (mean 59 years) and eight 12-
24 years (mean 21 years) healthy subjects by measuring the
change in forearm blood flow (venous occlusilon
plethysmography) 1in response to intra-arterfal infusion’ of
isoprenaline. Resting forearm blood flpw was similar 1in
the two groups; however, t?e increase in blood flow with
increasing doses of isoprenaline was signifiéan;ly lower In
the older group. The chronotrople response to ;ncremental
doses of intravenous iscoprenaline was also significantly
lower in the elderly. These findings suggest a blunted
beta—adfenoreceptor sensitivity with increasiﬁg age.
Fleisch et ai (1970) examined the activity of
betanreceptors in aortic strips of young and old animals by
determining the respomnses to isoproterenol after blockade
of.alpha réceptors. The aortié strips from the old animals
failed to relax iq regsponse to {soproterenol in cgntraﬁt to
the relaxation observed in specimens from young -animals.
Similar results in animal studies were also reported by

Fleisch and Hooker (1976) and Ericsson and Ehndholm (1975).
uAn interesting finding reported by Van
Brummelen et al (1981) was that blood flow related

.

;o
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significantly with plasma noradrenaline (r = -0.77) 1in the
older subjects, which suggests a predominance of alpha
adrenergic.influences in this group. In the yocung
subjects, blood flow related significantly with plasma
adrenaline (r = -.78), which in low doses 1s considered to
have a vasodilator effect via its beta—-adrenoreceptor
agonist action. A higher alpha-adréner?ic predominance in
older subjects may at 1e£at pa}tlf eiplain the greater
i{ncrease in blood pressure during exercise, with increasing
age, which 18 a consistent finding in a number of studies
(Robinson, 1938; Granath et al, 1965; Julius et al, 1967;

N

and others).

1.4.3 Age—-Assocliated Structural Changes
“ A decrease in aortic cgmpiiance witﬁ increasing

age was first reported by Roy over 100 years ago (1880-

1882). Aged aortae as well as small arteries were found to.
exhibit a greater registance to deformation (Roach and.
Burton,’1959). ‘Stiffnes; of a vessel was quantitated in

Zerms of its elastic moduli, the higher the elastic‘moﬁulus

the greater the stiffness {(Learoyd and Ta;lof, 1966; Bader,

1967). At a pressure of 100 mmAHg, the modulus of

elasticity Iin aortae from persons over 35 years of age was

found to be(twice as high as that from persons younger than

-
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35 years, so that by the age of 85 years, the aorta

behaved like a rigld tube (Bader, 1967).
An arterial rigidity index, defined as the
change 1n pulse pressure relative to the changé in

diastolic pressure following inhalation of amyl nitrite was

also found to increase with age (Abboud and Huston,

L

1961). The increased rigidity of the arterial wall t=s

eved to be at least partly explained by a relative loss
of ellastin and an increase of collagen in the aging
artertal wall (Roach and Buréon, 1959). Urschel et al
(1968) substituted a stiff tuBe for the aorta In dog? while
heart rate was maintained at a constant rate. Imposition
of the rigid tube resulted'in a high systolic left
ventricular pressure and a higher diastolic left
ventricular volume with a delay in ventricular ejection.
E;ithermore,‘the less compliant old aorta, tends to impose
a heavier workload on, tﬁe left' ventricle, as therel is less
diastolic recoil and therefore a decreased aortic
contribution to forward flow (Bader, 1967). The increése
in impedance to left ventricular ejection by structural
changes in the vascular wall may contribute e%{ the greater

systolic arterial pressure and decrease& capacity te raise

card{gp/§:tput during, exercise in the elderly.

.
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1.5 Age—Associated .Changes in Respiratory Function

1.5.1 Introduction

With increasing age, the lung undergoes a
numbér of structural changes that influence its ability to
exchange oxygen and carbon dioxide between air and blood.’
The extent to which such changes 1influence functicﬁ'is
variaﬁle and is often difficult to isolate the effect of
aging -from that resulting from exposure to pollutants such
as smoking.

Main structural changes 1in ;he aging lung are a
g;adual loss of alveolar surface area and surrounding
pulmonary capillaries (Therlbeck, 1976),f1qss of elastic
recoll with stiffening of the overly;ng thoracic cage and
weakness of the respliratory muscles (Niewomer et al, 1975;
Turner et al, 1965; Black and Hyatt, 1969). These changes

contribute to a number of age-related changes in overall

réspiratory function.

1.5.2 Lung_?olunen

- The loss in elastic recoll leads to a change in
the pressure—-volume rerationship in the aging lung so that

lung compliance,increasef; thus at a given transpulmonary.

-

1

pressure, lung volume islmigher in elderly subjécts (Begin

et al, 1975; Knudson etEal, 1977). These changes are
y -~ ;

- -
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reflected in a higher functional residual capacity (FRC)
and residual volume (RV). Grimby and Soderholm (19%631)
observed an ilncrease, in FRC and RV, of 15 and 22 ml per
year respectively in 152 healthy Qales 20 to 65 years of
age. During expiration, premature airway closure (at
higher lﬁng volumes) resulting from a loss in elastic
recoll and lack of support in the small airways, resulted
in a fall in vital capacity at a rate of 25 ml/year; ahout

17% from the age of 20 to 60 years (Morris et al, 1971).

1.5.3 Maximum Voluntary Ventilation

The loss in elastic recoil and premature airway
closure together with the reduction in respiratory muscle
strength contribute to a fall in maximal voluntary
ventilation from'aboPt 182 to 125 1/min, & 31%Z fall between
20 and 60 years (Grimby and Sodegholm, 1963). The decline
reported by Ericsson and Irnell t1969) in 67 healthy males
57 to 71 years of age w;a 24%, 140.2 1 at ége‘59 and 106.4
1 at'age'éélﬁhich suggests a greater rate of decline over

]
60 years of age.

1.5.4 "~ Pulmonary Blood Flow

With increasing age, there is a gradual loss of
the small vessels in the pulmonary vascular bed which is

associated with an Iincreased resistance to flow. These
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changes contribute to a higher resting mean pulmonary
artery pressure, from about 12 mmHg at age 20 to 15 wmmHg at
age 60; during exercise, the Increase in the same age range
fg from 1B to 30 mmHg (Ehrsam et al, 1983).

e

1.5.5% - Arterial Blood Gases

Arterial PO2 decliaas progressively with
increasing age, from about 99 mmHg at age 20 to 88 mmHg at
age 60, a fall of about 3 mmHg per decade (Sorbinl et al'
1968; Raine and Bishop, 1963; Mellemgaard, 1966; Conway et
al, 1965). The factors that may cantrLbute to this decline
are alveolar hypoventilation, diffusion iqgairment, ahunt
and increased ventilation-prefusion (ﬁ/d) mismatch. The
latter three factors contribute to the alveolar—arterial
PO2 difference which increases with age (Mellemgaard, 1966;
Harris et al, 1976). Alveolar hypoventilation and shunt
are not conaiderggﬁto change significgntly with increasing
age (Filley et al, 1954; Sorbini et a1,'1968). However,-
there is some impairment 1n the diffusing capacity of the

ging lung likely due to the reduction in alveolar surface
area (Van Kessel, 1982).

More uneven'ﬁld ratios have been reported by
Read (1954) in 34 healthy aubjects 20 to 69 years of age.
Intrapulmonary inert gas distribution, has. also been ahown

to.becomelless uniforh with 1ncreasing\age, especially
- .
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after the age_of 40 years (Greifenstein et al, 1960;
Sandqviset and"jellmer, 1963). The poor matching of
ventilation ang perfusion with increasing age may be the
result of cha;ges in the a%xeoli and blood vessels, which
may lead to lower g/d ratios in the bases of the lung with
resultant wasted blood flow dnd highSr V/Q ratlos at the
aplices of the lungs, with resultant wasted ventilation.
These changes likely contribute to the fall 1in PaO2
with increasing age. Howeverg plte this, oxygen
gaturation 1s not affected, as will be discussed in the
following section (Brischetto et ;1, 1984); thus In terms
of oxygen delivery to the active muscles during exeréise,
the fall in PaO2 15 not likely to be a significant limiting

[

factor. Arterial PCO2 during exercise shows little change

with age (Brischetto ét al, 1984).

1.5.6 Ventilation during Exercise
| The ventilatory fesponse to exetcise is greater

-1n elderly compared to young subjects (Robinson et al,

: ® o
1976; DeVries and Adams, 1972; Montoye, 1982). Ito 5 well
kown ,that during exercise, ventilation is closely related
to sz outpﬁt. Brischetto et al (1984) obgerved that for a
given inéreége ln &COZ, vent{lation increased-by 29.?71/m1n
inllq 67-79 year old comparéd t&.QS.B 1/min in 22-37 year
old healthy subj@gts. In addiéion, the mi ée ventilatloﬁ

at a single level of work (50 W) &wring deady-stateu

.
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cycling was significantly greAter in the elderly (32.4 +
1.5 1/min). Thig occurred even though theré were no
significamg\differences in‘;he QCOZ.between the two groups
at this workoad (0.971 £ 0.063 1/min in the elderly and
0.860 + 0.047 1/min in the young); oxygen saturation was
also similar in the two groups (97.3 + 0.2%Z in the elderly
and 96.5 + 0.1% in the young). When the change 1in
ventilation relative to 002 was examined the higher
ventilatqyy response in the elderly was evident (30.1 t_2.2‘
1/min compar;d to 24.6 + 2.1 1/mig in the young); no
significant differences were observed in the respiratory '
exchange ratio between the two groups at the common worload
(0.95 + 0.03 in the elderly and 0.93 + g‘.oa in the young).
Arterial PCOz'ﬁéaaﬁrements before and huring steady-state
cycling at 50 W revealed thagwﬁespite the higher
ventlration during exercise in the elderly, there was no
fall 1in PaCO2 and that eﬁercise remained gssentially-.

isqcaﬁnic (Brischetto et al, 1984).

These findings suggest that ventilation is

e — - =

less efficlent in the elderly. .This may bé explained by {
an increased physiological dead space due to areas in the

lung with a high @/6 ratio, as discussed in the preceding

sections, which results in an increase in wasted
ventilation 'in the elderly. Increased physiological
dead space with increasing age has been reported in a

nuober of studies (Raine and Bishop;, 1963; Bradley, 1976);



48

thuse the Increase in ventilatlon during exerclse {n the
£ .

elderly appears to be a compensatory mechanism for thelir

wasted ventilation so that exercise remains isocapnic.

Thise was supported by Briscﬁetto's et al (1984) findiang of

o significant change in PaCO2 before and during steady-

state exercise in two elderly subjects selected among those

with the highest ventilatory response to exercise. Thus in

- e

the elderly, ventilation is less efficlient, so a higher
ventilatory response’ﬁuring exercise 1Is necessary ¢to

maintain appropriate levels of PaéOz.

4

1.6 Summary of Age—Associated Changes in Peak VOZL

Hae-odyna;\taand Respiratory Function

A measure of the physical deterioration that
occurs with aging is @xemplif;ed by a decrease in the peak
o*ygen intake of about é?—aoz between 25 and 65 years.
This 1s associated with a decrease in peak cardiac output
(30-35%) and arterfo-venous oxygen difference {(5- 102) The
lower pehk cérdiagkgPpput in the elderly is associated with
a lower heart rate-(lZ-th) and stroke volume {(12-147).
Blood flow measurements in elderly subjects are lacking,
but available:dafa'suggest a lower blood flow in exerciéing

muscles in the elderly aasociated with a decreasedyvascular

conductance and an 1ncreased mean arterial pressure. }mese

o L]
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changes are accompanied by declines 1n breathing cépacity
and pulmonary gas exchange.

Sgructural changes 1in the aging cardiovascular
and resplratory systems undoubtedly affect function, but
the extent to which function is affected may be modified by

_physlcal activity. Structural changes Iincludé decreased
myoecardial and peripheral vascular compliance, loss of
alveolar surface area and surrounding pulmonary capillaries
and reduction 1irf elastlic recoil in the aging luﬁg.

In the following section, age-associated

»

changes in skeletal muscle structure and function will be

r

reviewed.

1.7 Age—-Associated Changes in Skeletal Muscle
Fanction . ' )

1.7.1 Lean Muscle Mass

Loss o0of lean muscle mass 1s a common
characteristic of aging skeletal muscle. A decline of 12%
in upper_leg lean muscle mass determined by bomputeﬁ
tomography was reported in 4k males 45 to 69 year of aée
(Borkan et al, 1983). Tzankoff and Worris (1957) Qbserved_

a 45% decline in lean muscle mass based on 24~hcur creatine

excdretion in. 959 healthy males 20 to 90 years of age who
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Aging. The rate of decline {n muscle mass appcars toO
4

accelerate over the age of 70 years (Grimby et al, 1982}); a

15% loss in muscle mass estimated from total body potassium
& . -

Wﬁa observed in 24 men and women {in theifr 708 and 80s. The
£,
changes\in lean muscle mags may be the result of reductlons |

1in the number and size of muscle fibres.

1.7.2 Muscle Fibre Number and Size

Recent.findiﬁgs from autopsied whole vastus
lateralis muscles in 12 previously healthy malés 19 to 37
and 70 to 73 years of age revealed that the size of the
muscles of the older individuals was 187 smnller} thisg
could be accounted by a 25% lower total number of’muscle
fibres (ﬁﬁiell et al, 1983). No significant difference was
found in mean fibr;rsize in the two groups. The reduction
in the number of muscle fibres in the elderlj'y;s largely
due to preferential reduction in type II fibre number.
Similar findings were reported by Sato et al (1984) 1in the.
pectoralis minor muscle of 200 females 26 to 80 yearsEBf
age who had surgical resection of chest muscles for breast
carcinoma. The reduction in muscle fib}é number was
Qignifica;t after the age of 60 years (Sato et al, 1984).
The size of the type I muscle fibres incréase& after the

age of 60 years, whereas after the age of 40 years, there

was a progressive reduction in the s1%e of type II fibres.

\
b
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There scems to be general agreement that type I
muscle fibres are relatively insensitive to age-associated

A
changes, at least up to the age of 60 years (Lexell et al,

19873; Anianssonmet al, 1980). Larsson et al (1978) found
no significant change in type 1 fibre area in muscle
hl;paies from the vastus lateralis of 55 heathy males 22 to
65 years of age. However, a 33% decrease in type II fibre
area was gﬂ%ervéz in the same group. The findings of Sato
et'al (1984) 1in the pectoralis minor muscle are also 1in
agreement with the stability in type I and the reducéion in
type 11 fibre area, reported to occur after the age-of 40

years. i

Beyond 70 years, reducpions in fibre size
appear Eo occur in all fibre types but these appear to be
most striking 1in the type II fibres. Tomonaga (1977)
obtained biopsies from muscles in the upper and lower limbs
and trunk of f9 sub jects 60 to 90 years of age. 1In the 60
to 79 year old group, neurOthhic chghges such as group
atrophy, small dark angulated fibres and target fibres wvere
most prevalent (30%) followed by type II-fibre atrophy
(28%X); over the age of B0 years, the most prevalent
change (53%) was Eype I1 Qi?re aFrophy {Tomonaga, 4377).
The increase in size in the type I fibres reported by Sato
et al (1984) in the pectoralis minor was not suppérted in

. - {

L4 3
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studies on the vastus lateralis (AnifansaAon et QL, 1980;
Grimby et al, 1982).

- The age-assoclated chankes in muscle flbres may
be rela;ed to some abnormality in the fnnervating process.
Campbell et al (1973) repor{e¢ ; progressive fall in the

A Y

number of functioning motor units in muscles of the foot of
elderly subjects (60-95 years) as compared to controls (13-
58 years). Conslderable individual variatfon was found |in
thé.denervating process which did not usually commence
béfore the age of 60. Similar findings were reported by
Brown (1972) 1in subjects 13 to B89 years of age. These
fin&?ngs resplted in the proposition that at least part of
the reduction in fibre number is due to loss of functioning
motor neurons (Campsell et 31,31973; Brown, 1972).

Motor neurons innervating a certain fibre type

may be more vulnerable to degeneration, which may at least

-
-

partly explain the loss of ffist twitch neurons (Campbell et

al; 1973) and 1dcreased proportion of type I fibres

(Larsson, 1978). Denervation of fibres may also occur due

.

to disturbances in the micro-circulation of peripheral

nerves; -a sigg}i&cant correlation was reported between thg-
proportiog of type II mus;lerfibrga and the degree of
tissue Infury in acute isthaemia (S jostrom et gl, 1982) and
ifschaemic pain during exercise 1in individuals with

N : _ .
peripheral arterial insufficiemcy (Sjostrom et a1> 1980).
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These findings suggest that type II fibres may be more
susceptible to 1schaemia and may explain the preferential

lose of these fibres with increasing age.

1.7.13 | Capillarization

The changes in capillarization of skeletal
mg;cle with'increasing age are not°g9 extensively studied
ag changes 1n fibfe numnber and size. .Parizkova et al
(1971) observed no differences in the number of caplillarlies
per square millimeter or the diffusion distances in the
quadriceps muscle of young men (mean 20.7) years) and two
subgroups of older men; a physically act;ve group (mean age
72.4 years) and inactive controls (mean age 73.9 years).
Comparison between the two groups of active and infitive
older subjects revealed similar fiﬁdings. Aniansson et

al (1980) found decreases in the number of capillaries per

fibre in males but not in females. Other studies reported _

similar number of capillaries per muscle fibre between old
(Grimby et al, 1982) and young males and females (Anderson

and Henriksson, 1977; Nygaard, 1981l.  Based on these
» *

.
el

limttdd experimental data, it would appear that
o\

cppillarizatibn may be unaffected by agi

*
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1.7.4 Muascle Function

Muscle function studies have focused primarily
on determining the maximal force capabilities and endurance

of muscles from individuals of different ages. Larsson

(1978) examined the maximum isometric and dynamic .strength

and endurance in the quadriceps muscles of subjects 10 to
76 years of age using an 1isokinetic dynamometer. Both
isometric and dynamic strength reacheg a.peak‘by the age of
20 years, remained relatively unchang¥d up to the age of 49
years and progressively declined from then on (Larsson,
1978). -Qver the age range of 20 to 65 years, the loss in
strengl4?

was about 32%Z, but most of this loss occurred

after the age of 50 years (Larsson et al, 1979). In

‘contraat, Vandervoort {(1984) reported that 80 to 90Z of

- maximal voluntary static strength of dorsi and plantar

flexors 1is retained up to the age of 79 yearsvﬁith an

accelerated decline after the age of 80 years. The

reductivn in muscle strength with increasing age may be the

result of -a nugker of factors; reduced muscle mass and
number of muscle fibres (Anfansson et al, 1980); atrophy of
type LI muscle fibres (Larsson, 1978); loss of functioning

motor units {Campbell et al, 1973) and lack of physical

activity (Larssoun, 1978). P

Contrary toéthe age-associated decline, in

[ 4

stréngth, there is agreement among studies that_mus;le
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endurance, both isometric (ability to sustain a contraction
'

at a glven percent of maximum {sometric strength) and
dynamic (percent decline 1in peak*torque over repeated
maximal contractions) do not change significantly with
fncreasing age (Yohnson, 1982; Larsson and Karlsson, 1978;
Larsson, 1978; Petrofsky et al, 1975). The relative
atability of muscle endurance and type I muscle fibres

with fncreasing age has led to the proposition that the two

may be causally related (Larsson, 1978).

1.7.5 Summary

Muscle strength appéara to be maintained at
least up to the fifth decade in lifé, withAmoderate
declines occurring in the sixth and seventh decades and
sharp declines after the age of 80 years. These changes
are associated with st;uctural changes in the form of loss
of leanlmuécle wass, reductioh in the number ardd size of
muscle fibres, reduction in fuﬁctioning moﬁor units and a
preferential loss of type II fibres. Ability to gsustain
maximal isometric and dynamic contractio;s (muscle
endurance) does nogmappear to be affected byfagi;g and may
be associ#ted with the relative stability of.type I muécle
fibres with increafing age.

Thus the changes indpuscle function are not as

striking as the changes in haemodjnamic function, although

-

x
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both are likely to contribute to the declline In physlcal
Jork capacity with ihcreasing age.

In the remainder sections 1in this chapter,
previous work on the effects of endurance training on

haemodynamic, respiratory and muaéle function in elderly

subjects will be reviewed.

1.8 Effects of Endurance Training on Peak Oxygen

Intake

The capacity of older individuals to respond to

-

endurance training began to be questiongd in the 1960s.

! .

Hollman (1964) claimed that endurance training after the.
age of 40, in previously sedentary subjects, resulted in
1ittle adaptive changes while after the age of 60 1t
produced practically no ogservable effect. This conclusion
was reached after studying over 3,000 trained and untrained
males and females 6 to 80 years of aée. The distinction
made by Hgllman (1964).waa that, in order for endurance
training to have any’thervable effect on the physical work
capacity of elderly individuals, ft had to begin 1in
youth and continue into the middle and old yedrs.
Hollman's (1964) conclusiﬁns were suported by Benestad
{1965) who found no change in peiﬁkvx{gen intake in males
. : . -

70 to 80 years of age after 5 to 6 weeks of endurance

training. Oter the ége of 50 years, the Improvement was

Y
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less than 1In younger {ndividuale (Wilmore, 1970; Rosgkamm,
1967; Kilbom, 1971).

However, the stﬁdies of Hartley and Saltin In
1969 challenged these findings (Hartley et al, 1969; Saltin
et al, 1969). In these studies, a mean increase of 18% wa;
. reported in seden;ary healthy males 34 to 63 years after B
weeks of training.
The longitudinal studies reported by Kasch and
assoclates (Kasch ét al, 1973; Kasch and Wallace, 1976;
Kasch, 1976) prov%ded further evidence on the trainability
of older subjects and challenged the concept that the
decline in physical wo;k capacity is an unavoidable
By
& océurrence of the aging process.

" In these studies, healthy middle-aged men in
their.AOs and Sb; were trained for a variable léngth of
time, from 2 to 10 years, aﬁ an iniensity corresponding to
60-90% of maximal heart fatg. In the é-year training
study, a contrel group of ﬁlmilar age was included. The

major findings from these studies were a 172 increase in

peak ﬁoz in the 2-year training group (most. of this

-

increase occurring within the first year) with no
significant change in the controls; no d@aﬂge in peak 602
: observed in the ﬁgn who tralned oveé the 10—yed%
peri®™d. The expected ﬁecline is in th; order of 9% (Heath
" et al, 1981).

An improvEme;t fn beak ﬁoz of about 17% was

LI
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reported by Tzankoff et al (1972) 1in untrained men 44 to 66
years of age (mean 54 years) after 25 weeks of a training
program conslsting of vigorous recreational activities
{racket ball games). Héximal ventilation and blood lactate
also increased, 17% and 132 reapectivelf with no major
éhange in maximal heart rate. Pollock et al (1971) tréined
sedentary ®ales in their 40s and 50s using a 20-week
walking.program at an 1Intensity designed to e cit’ rt
rates in the 135 to 145<T;;is/min range; this re ted in
increases of 28% in peak VO, and 18% in ventilation with no
changé“in peak heart rate. The values at submaxi%al

significantly lower.

exercise were not glve except for heart rate which was
re were no changes in the controls

(Pollock et al, 1971).

Training studies that employed previously
sedentary subjects over 60 years of age are few. Stamford
(1972) found a significant decrease 1n submaximal heart

rate and systolic blood pressure after 12 weeks of training

in elderly males in their§703 with no change 1ia the

controls; no measurements of peak ﬁoz were obtained. In a

controlled study of males and females (mean 70 years) a 38

increase in peak 002 was found in the training group

W

(Barry et al, 1961). Peak heart rate and ventilation

increased 11X and 50% respectively with aignificaﬁt
decreases at submaximal exercise. No changes were observed

in the controls.

-
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. De Vries (1969) trained (walk/jog program) 352

to 88 yecar old sedentary males for 6 to 42 wecks. Heart
rate was not allowed to exceed 145 beats/min during
training or exerclise testing. Modest increases in peak 602

were reported after 6 and 42 weeks of training (about 5%

) )
and 8% respectively). Improvement in maximal aerobic

capacity of 25-30% was reported in a recent investigation
after 12 months of training in subjects in their late 60s
(Seals et al, 1984). At maximal exercise, ventilation
1néreqeed significantly with no change in mean arterial
pressuyre and systemic vascular resistance. The submaximal
values in thesé variables were 1ower.i There were no
changes in the controls. Thonas ;t‘al (1985) repq{i:d a
122 increase 1n-peak 602 in 63 year old males af;er one
year of a walking/jogging progranm, three times a week, at
70X~ of heart rate reserve.

Comparing athlet;s who engage in lifelong
{ntensive training with sedentary subjects of the s;me age
has‘consiétently demonstrated higher ﬁeak‘ﬁoz_values in. the
athletes, in the order of 20 ﬁo 302 (Saltin aqd.crimby,
1968;hAatrund an{_Rodahl, 197‘; Andersen .and Hermansen,
1965; Grimby and'Saltin, 1966). ghree case reports of
older egdurance athletes provide'hdditional ev{fence that
the decline in peak Goi vith.inéreasing age may be reduced
1n'1nd1v1duéls who co&linue to train (Fan}a et al, 1977;

J,

i
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Maud et al, 1981; Pollock et \\1, 1974).° These fndividual o d®
had peaf‘voz values of 61 ml/kg/min (60 year old distance
runner); 60 ml/kg/hin (70 year old mafathon runner) and 50
nl/kg/min (70 year old cyclist). These peak V02 values are
, over 50% higher than the predicted value of about 24 to 29
ml/kg/q‘p (Jones et al, 1985) in untrained subjects of the
same age.
?/ Pollock et 317(1987) recently reported thé
results of a l10-year follow-up in 24 runners who continued
~to trailn over the period of follow-ﬁp. Their average age
at the time of.rf-study was 62 years. An {nteresting
finding in this study was that the athletes who had
. ‘ maintained their training mileage and speed had also
maintained their peak 002, with a decrease oflonly 2% over

. the 10 years. In countrast, the athgetes who maintained

their training mfleage but decreased their speed,

experienced a 132 decline in peak ﬁoz over the 10 years of

-

follow-up. Thus an important consideration in training

Fl

studies in older individuals is not only the frequency and

i
i

ration of training, but also the intensity of train{?g.

In summary, it would appear theat elderly’

1nd1v1;E:;:\in their 60s can increase their peak 002 in

response to endurance training. The reported Increases are

overall modest, with the exception of the 387 improvement

\h in pesk @02 reported by-Barry et al (1961)?a However, as
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discusaed carlier, part of this change may have hecen the
result of low.pre-training values, as in some of thelr
sub jectas the pre-training test had ¢to Pe stoppe}
prematurely because of electrocardiographic abnormalities.

The question of whether previously sedentary
elderly subjects (over 60 years) can tolerate high
{ntensity training and can respond by similar adaptations
in peak 002 is a8 yet unanswered. Hagberg (1987) conciuded
that'?‘is#@${:jlining intensity 1is necessary 1in older men
and women than 1n a younger population. He based this
conclusion on ‘the findings of 1mpr§vements in peak 602 in
elderly subjects at heart rates as low as 40X of peak 602
(Seals et al, 1984); 57% of peak VO, (Badenhop et al, 1983)
and 40 ;0'501 of peak ﬁoz {DeVries, 1971). However, the
observed iﬁ?rovgments are modest and as will be discussed

»>

in Chapter 2,- they are likely the, result of the low pre-

training fitness levels of the elderly subjects. No stud
reported training previously sedentdxy young (20 yea
and elderly (50 year oldk}subjects atthe game petriod of
time, thé same frequency and duration and at the‘same high

intensity. .
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1.9 Effects of Endurance Training on Hakmodynamic
.

. ' K
~ Fanction in the Elderly

There are few investigations, on the effect of
endurance tralning on haemadynamic fgfction in elderly
sub jects over 60 years. The majority of the studies ha;e
used middle—aged athletes who either continue In
compeﬁitive sports or remain phys‘cally active. A
consistent finding 1is tha{ﬁendurance training in middle-
.aged athletes, as in young subjects, results 1in increases
‘in peak cardiac output, wﬁich aré assoclated with Iincreases
{in stroke volume, as peaf heart rate changes little.
The increase 1in st;oke volume wmay be at least partly
attributable to décreaseslin afFerload, reflegted by
decteases 1in systoli; bléo{gﬁjzssure and vascular
resistanée, and increaésp in pre-load, reflectéd by highef
'end-diastOIIC'volumes. Tﬁe extent to which these‘training
adaptations are possible in elderly subdects\who had been

sedentary for a number of years is not known. &
- a &,

Eight weeks of trainiang in 38 to 55 year old
males, which increased their peak &02 by about 142,
resulted in a significant increase in stroke volume and

cardiac output at peak exercise with no major change 1in

arterfio-venous okygen difference (Hartley et al, 1969).

L3
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These findings were compared to results {n
+ ¥
younger subjects {mean 23 years3 reported in the literature
(Saltin et al, 1968; Efkblom et al, 1968). In wese
studies, the increase 1In peak oxygen {intake could be
accounted for to a similar degree by a widening of the
arterio-venous oxygen difference and an increase in card{ac
output. Thus a major diffference observed between ytung

and old, was in the abllity to increase peak arterio-vanous

oxygen difference which.Wae reported to be diminished 1in

R s
older individuals (Hartley et al, 1969). Saltin ol nm—

al (1968), reported thet® training in young, relative to

oldgr sub jects, resulted in a greater proportion of the

total cardlac output to be directed to the working muscles

at peak exercisﬁrin agreement with Hartley et al (1969).

¢ However, 'in a recent investigation, Seals et al

(1984) found no significatt change in peak cardiac output

after 12 months of training in 61 to 67 year old subjects.

The 1ncreé§e in peak 602 was aésociﬁted with a significant

tncrease in arterio—venous oxygen difference. Peak car&iac
out{ut was estimated by ﬂultLply1§§ pedk stroke volume’

(eéthnited by -averaging the stroke volumed during three’

submaximal work rates) by the heart rate at the time that

Emeak VO2 was attained. The estimsation of peak stroke

volume 1n this study was baaed on the assumption that

. fﬂ ot
N .

étroke volume tends o increase up to about 40% of peak VOZ
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and levels off thercafter. Thia assumption is questionable
as there is some degree of variability in setroke volume
behaviour, which may progressively fincrease up to 60% of
peak V02 or higher and either level off or ecven decreanc
somewhat from then on. Thus a source or error may have
been introduced in their estimation of peak cardiéc output.

Niinima and Shephard (1978) determined cardlac

>

output during treadmill exercise usiong a 002 rppreathlng
method in 8 males 60 to {6 years of age, before and after

11 weeks of endurance training; heart rate varled between

.

120 and 145 beats/min with some_subjects training between

135 and 155 beats/min. A 5.2% increase in peak 602 was
reported, attributed to a decrease in resting and
submaximal heart rate. Training had no effect {n this
study on "peak cardiac output, stroke volume or arterio-

venous qﬁygen difference. .The lack of change may relate to

the intensity of training, which is not.stated, other than

-

thé range of training heart rates. It may be that the
majority of their subjects traijned at the lower
fntensities, which as will be,K discussed in chapter 2, will

l1ikely l1limit the extent of the training-induced

L

adaptations. . -

<«
. Comparisqgns between athletaes and sedentary

controls reveal higher maximal cardiac outputs and stroke
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volumea {in the athletes. Young worrd calibre athletes
with a peak 002 over 70 ml/kg/min (71-80 wl/kg/min) had a
mean maximal cardiac output of 36.0 1/min as compared to
28.4 1/min in athletes of similar age with a lower peak 602
(64-69 ml/kg/min). Since mean heart rate was similar
between the two groups, the difference in maximal cardiac
output was due to a higher stroke volume In the top
athletes; 189 mls compared to 149 mle (Ekblom and
Hermansen, 1968). |

-

1.10 Effects of Endurance Training on Muscle

Function im the Elderly

Despite the age—associated changes in skeleﬁal
muscle structure reviewed earlier 1in this chapter,
endurance training appears to be assoclated with a number

of-improvewents t{n the function of aging skeletal muscle.

1.10.1 - _ Preventiog<of Muscle Atrophy

Treadmill exercise continued for 1 year

I J .

resulted in the’prévehtion of atrophy in both type 1T

(soleus) and II fibres (extensor digitorum longus) in aging

v

rats compared to non-exercising controls (Brown, i985).
Similar findings,'hut éargely related to Ehe type IT fibres
(gastrocnemius), were reported- after 5 months of treadmill

exercise Iin female aging rats. The non-exercising gontrols

had a higher percentage, of atrophied type II fibres with!no
|
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change in the type I fibres between the two groups
(Stebbins et al, 1985). A 9% fibre loss was reported in
thbe rat diaphragm compared to a 30X loss in the solcus,
although both are slow-twitch muscles. The lower filbre
loss in the diaphragm was considereﬁ to be due to the

continuous use of this muscle.

Grimby et al (1982) reported a décrease in the
, .
size of type II fibres in the vastus lateralis muscle of
subjects in their 70s and 80s, with no teduction in the
type II fibres of the biceps brachii. It was suggested
that this may be related to the more phy’ically active
biceps brachii during activities of dailyzgiving. Thé
effect of endurance«training on skeletal muscle in subjecf%
of different ages (up to 5$:§ear3) and states of physical
training was investigated by Gollnick et al (1972).
Both the ar énd size of type I and I muscle flbres were
significantly larger in the trained subjects. These
findings point to the beneficial effects of physical

exercise inghounteracting the age-assoclated decrease In

muscle size. . }?

1.10.2 Improvement in Oxidative Capacity

“ -

. Suominen et al (1977) reported a Wignificant

*

increase in enzymes assocliated with aerobic metabolism 1in

’,fafdentary_males 56 to 70 years of age after 8 weeks of
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physical tralining. Similar results have been reported by
Xiessling et al (1974) after 13 weeks of fraining in
scdentary males 46 to 62 years. The pre-training enzyme
levels of these subjects were about half the level found in
well-trained athletes of the same age and increased to
about B0% after training. Results from other studies
con?irm these findings (Saltln et al, 1976; Suqminen et
al, 1977; Orlander and Aniansson, 1981).
Comparisons of succinate dehy&rogenase activity
(SDH, enzyme involved in a;;obic muscle metabolism) f£n
biopsy samples of the vastus lateralis and deltold muscles
i{n 74 sedentary males and highly trained athletes (17 to 58
years) revealed higher SDH activity in the athletes (20 to
150%, Gollnick et al, 1972). For both the trained and
sedentary ‘subjects, the SDﬁ activity'?as highest 1in tﬁe
most active muscles; this was 2.5-fold greater in the leg
muscles of t?e cyclists compared to that of the/aedentary
subjects. Similarly, the SDH activity of the deltoid
muscle of the canoeists and swimmérs was 2.2~ and ZLA-fold
higher gespectively than fhat of fhg untréined groups.
> 7 _
Muscle glycogen concentrations were also higher in the
aﬁhletes than those of the.sedentary’subjects; the musclé
that was used most extensively in the sport ac:ivity had
the highest glycogen content (Gollnick et al, 1972). These

N

findings suggest a localized training effect and an

-
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fncrease in the aerobic potential of skeletal muscles of
trained individuals, at least into the middle yearé.
Sﬁbminen's et al (1977) findinge of significant
increases after training {in the activities of enzymes
representing aserobic muscle metabolism in 56 to 70 year old
males extend Gollnick's et al (1972) findings, and suggest
that training leads to an enhanced capaclity for aeroblic
metabolism at least up to 70 years of age. An Interesting
finding in the Bthdy by Gollnick et al (1972) was that the
2.2-to %.5-fold increase in the aeroblic potential of the
muscles of the athletes was not associated with an increase
of the same magnitude 1n ﬁeak ﬁoz;'their peak ﬁoz was only
B?Z higher co;pared toe the uﬁtrained sub jects. The
findings of the studies reviewed above suggest a large
aerobic potential in trained muscles, even after short term

training.

D

In summary, endurance ;raining may lead to
sigaificant inereases in the oxidative capacity of aging
skelétal musclég which appears to lead to an ‘increased
capacity to u;ilize glycogen aerobically and to oxidize
fatty acids; these adaptations,}Fay del#y the onset of
fatigue and'resg}f in an 1npréase£;capacity for physical

work. The large aeroblc potentiél of trained muscles

. ] .
speaks against the oxida}ive capacity of muscle as being a

C
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major lifmi{ting factor {n the capacity to utilize oxygen
during maximal work.

1.11 Summary
| The capacity to exerclise, expressed as the peak
power output or peak Gozh depends on a %omplex interplay
between many factors r lated to the cardiovascular,
resplratory and musculoskeletal systems. The function of
these systems declines with increasing age,-eithér because
of structural changes or reductions in functionai capacity.
Structural changes fnclude an age-related
increase in myocardial fibrosis and a decrease in the
capilléry—fibre ratio within the myocardium; the éging
arterial wall becomes progressively-lésq compliant
assocliated with a reduction in elastin and an increase in '
i ¥ .
colagen; elastic recoil in the aging lung declines qnd
there mag.be loss of alveolar surface area; skeletal muscle
mass declineé anﬁﬁfhere‘is selestive atrophy of type II
fibres. ' S ,
Observable functional charfges that may parallel

these structural changes in aging in 1viduals,'iné1ude a

‘\‘\_

‘ t X .
decrease in peak cardiac output and ‘heart rate, and an
increase in blood pressure; vascular conductance decreases

and there may be a gsﬁuction in‘blo%? flow to exercsing

>~ .

muscles; ventilation/perfusion mismatching becomes
1
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exaggerated, witg fmpalrment in gas exchange; muscle
strength and the capacity to generate power decreascs
progressively {in aging skeletal muscle. Most of thease
chéngea are similar in extent, with declifies 1n function of

about 1% per year. o

Despite these changes, physigal activitye
appears to have a favourable effect on maximal exerélae
cépacity as shown 1in the higher peak ﬁOZlvalues of master
athletes and older 1ndi§iduals engaged in heavy physicatl
Wbrk as part of their deily 1lives. PSksumably,
improvements are brought about by adaptations in the
functional, rather than the styuctupal changes associated
with aging. Thus by comparing Ehe training-related
responses 1in old and young suhjects, we hoped to fdentify
"the functional changes that may be amenabie to 1mpro§ement

with short-term endurance tralning.

e

The following chapter wfll outline the
ackground studies that led'to the work described in this
thesis, some rglevant considerations'related to training
studies in elderly individuals and the objectives of this

\
investigation.




)

2. SCOPE OF THE PROBLEM AND STUDY OBJECTIVES

2.1 Introduction

In light of previous work discussed in the
Historical Overview chapter, the extent of the decline in
maxf;al exercise is varlable, ranging between 0.20 and 1.04
ml/kg/min (tables 1 and 2). The variability 1in these
findings is to a large extent dependent on whether the
study was cross-sectional or longitudieal; whether the
apbjects were well-trained, physically active or sedentary,
whéther elderly subjects (over 60 years of age) were

-

included; and i1f included, whether they were allowed to

exercise to maximal symptom~limited levels. These issues

together with differences in testing procedures make
comparisons between the studies difficult. o

| Therefore, to examine the decline Iin exerclse
capacity with 1r1crea?bir1g a%ta, we uildelrtoolc a
cross-sectional study oE-IOO healthy males and females 15
to 70 years of age. The primary purpose of this sfudy was
to establish normal values .in exerclse capacity for’
subjects 1in the‘same population as,those who took part in

P

thestrainfng study using the same.testing- procedures. This
provided the baseline for comparison with the subjects
n the training study, thus avoiding the difficulties of

71

¢ - ' ' "‘
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ctfoass-comparisons wlith work reported In the literature. In
the following}scctlons, the cross-sectlional atudy will be

reviewed ns 1t forms the background on which the work

described Iin this ahesis was based. 4

2.2 Review of Cross—-Sectional Study

Fifty male and 50 female healthy volunteers
were recrulted from the local.community to provide as wide
a distribution of body height and level of habitual
physical activity a; possible 1In each}of 5 Age groups,
15-24, 25-34, 35??&, 45-54 and 55+ (Appendix 1). Past and
present-competicive athletes were excludedfas were sub jects
on medication, with known dardiac or reppiratg;?‘dtsease
and systemic hypertension (resting blood pressure >
150490 mmﬁg). Habitual physical —activity was graded
on the basis of\a questionnalre into category 1 (exercising
less than 'l hr/:a)yhggtegory 2 (exercising 1-3 hrs/wk),
category 3 (exercising 3-6 hrs/wk) and category 4
(exeréisi:; mor lthan 6 hrs/wk). Bver half of the subjects
(642) exercised only 3 hrs or less péf week (categ;ry 2)
with SAi reporting sedentary occupations. Nine percent
réported exercising more than 6 hrs/week (category 4) and
11%7 were 1n occupations requiriné mostly standing and

walking. Submaximal and maximal measurements 6f'002,

@002,\resp1ratory exchange ratio, ventilation, heart rate

T
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and blood pressure were obtained during a progressive
incremental cycle ergometer test heginning at 100 kpm/min
{(16.3 w) and {ncreasing by 100 kpm/min at the end of each
minute. Since the subjects were not accustomed to heavy
physfical exeg&ion, a %PZ plateau was not a requirement.
Thus the mean of the highest three measurements of oxygén
Intake at maximum effort - indicated by the subject's
fnability to maintain the required pedalling frequency -
was consideredlto_be,that sub ject's peak Gozk- The test
procedure and metliods are described in Appendix‘l.
On a di}fereﬁé day,”ﬁeaéurements of maximal

peak power, total work and fatigue (percent decline in
average pgwer over the duration bf the test) were obtained
during a 30 second maxim:?\cycling exercise on an
isokinettic grgometqr. The velocitf of~peda}ling was
controiled by a 3 hp motor and an electrical speed

controller at 60 rev/min (same as the velocity used during

the incrementadl test),  The .subject was required.to

-
r

ped%} with maximal_gffoft, under constant encouragemént,
for aﬂtptal of 30 seconds .. The torque“exerted on the
pedals was recorded via straln gauges bonded to the pedgl
cranks and, éaﬁfled by a laboratory computer at {0'65
interviils (Appendix 2).

/ The decline in peak 602 with increasing age

observed in this study was in agreement with results
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reported In the litcrnturn-, (Heath et nl,'l‘)ﬂ_l; Dvhn‘ and
Bru.ce, 1972; Ubrinkwater et al, 1975). As gshown £fin flgure
2, the highest peak \1’02 v‘alueu were achieved between 20 and
30 years with a gradual decline from then on. The
relationship {n the male aubjectsibetween peak 002 and
age (yeardg) wans expressed 1n the following equation:

Peak V0, (ml/kg/min) = 55 - 0.44 (age)
According to this equattion, thg.predictqd peak voz of a 25
year-old male is 44.0 ml/kg/minfand that of a 65 year-old
is 26.4 mlfkg/min (40%Z difference over AO-yeafB). A
finding of interest was the close relationship (r = p.B9 P

¢ 0.001, figure 3) betwden total work achieved {n 30

seconds ang peak 002. Results of multiple regression

analysis revealed that teotal work (a com&osite function of

maximal power and the fatigue index) was the variable most
closely related to peak 602 (p'< 0.001). Furthermone, the
decline in total work (Wtot) with increasing 4ge was

similar 1in extent to that observedf$§ peak 6°j (figure A).
1

The equation expressing this re{atlonship in the male

sub jects was: \\ : Yj

i 3

-

*

Wtot (kJ) = 20.%&3‘0 14 (age)

.
»>

Accordiné to this equ@fion, the predicted value for thg

total work achieved over the 30 second test 1is EF.& kJ for

a 25 year-old male.and 11.9. kJ for a 65 year-old male.(ﬁzz_

difference over 40 &ears). -

-

-

®
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kiwfas also of Interest that the general
clagssification of subjects into the four broad catégories
0f. lelsure activity was sufficlent to differentiate the

subjects into 4 categories of "fltness”™; those with the

higheﬁt peak ﬁoz valués (mean 3.10 + 1.22 1/min) reported

éxercising ;éve than 6 hrs/wk, followed by those who
L4

[ exercised 3-6 hrs/wk (mean peak VO, 2.84 + 0.85), 1-3

2
,? hrs/wk (mean peak VO2 2.15 + 0.76 1/min) and those who were

totally sedentary and had the lowest peak 602.values (mean

1.97 + 0.80 1/min). )

. A

. B These findings ralsed two generél questions:
& 7
'\ ' . Can endurance training increase mgi%nal exercise capacity
=" in s ehtary elderly subjects, and to wha:ﬂéxtent do
cg}diore; ratory and peripheral muscle measures contkibute
o to any training-assoclated c;ange in peak ﬁoz?
_dﬁg In iight of previous work discussed in Chapter

— .
1, two general experimental models have been used.-to

. -

examine the role of endurance training in counte}acting the

L r———
. ;)

decline 1n maximal exerﬁisé capacigy with;aging;

LS

comparative studies of athletes or iadividuals involved in

life-long physical -activity and seﬂentary subjects who

: undertake a physical activity program for a specified

- : period of time.’

[ N ) Ty

\ .
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2.3 . The Aging Athlete or FPhysically Active Subject

Comparing athletes with sedentary subjectd of

x

the same age (Saltin and Grimby, 1968; Astrand and Rodahl,
1970; Andersen and Hermansen, 1965; Grimby and Saltin,
1966) offers an attractive experimental model as |t

provides two clearly distinguishable  populations of

/

well-trained and sedentary individuals. However, aging

athletes are not representative of the geheral aéing

popglation. Thelr high exercise'Capacity maya;% a’ result

B

of intensive training, general endowment, lean body build,

a.healthy l1ifestyle or a comginatLon of these factors and

- R

ft 18 difficult to 1isolate the role of endurance training

alone. These conslderations may apply to a lesser extent

in individuals who engage in life-long pﬁysical gctivity}

although not at a competitive level. ¥

——— w

‘“zia The Aging Untrained Subject - . . v

The smajority of studies on sedentary elderly
individuals have émployedvstjects ih.theif'middlg_Yeafs
(Hartley et 91,7}969; Saltin et’ﬁf; 1?69;‘ka§cﬂ et-al,
1973; Kasch and Wallace, 1976; iasch, 1976;-Tzankoff et al,
1972). - Training studies in subjects over 60 years of age
are few,‘resplts a;e conflictiﬁg'and direct comp{risons

A
with young subjects who undertake the same 'training progran

and testing procedures are lacking. Another major

L
.-
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limitation Iin“these studies 1s the 1ntensity of the
training pxogram'which 1s genefaily-low to moderate.

» - . -
. e T -

2.5 Intensity and Duration of Training

The magnitude of change in peak_‘.JO2 is

determined by the intensity, frequéncy and duration of

" training (Hickson ef al, 1981; Pollock et al, 1975; Davies
and Knibbs, 1971; De Vries, 1971; - Kilbom, 1971; Shephard,

.

1968), HowéVér, in training studies of older subdbjects

»

{(over 60 years of age) there is a reluctance to use shigh

int%nsity training programs, over 75%Z of peak 602, or

t;aining'heart rates over ‘135 beats/min. Furthermo-

re, the duration of traininé 1s relatively brief (6-8-

+

weeks, Benestad, 1965; DeVries, 1971; Suominen et ai; 19775

Suominen et al, 1977). ‘ I

| Seals et al (i?S&) grained maleland female~,‘

,subjects 1in their sixt;es for ,six months at low iﬁtensity'

(ﬁeart_rate <120 bfats]min), and six months at higﬁ

1nteﬁsity {75-85% of maximal heart rate) reaching a mean

. training hea:g rate of 155 beaEs/min during the final two

months of the'pfogram. 'High intensity ﬁratning resulted in

. a s{gniflcantly g;gater ipcredse in peak 6Ql_compared tiy
. : the 19w intensity p;pgram-(IBK_vérsus 12%):‘ )

p—
Il
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2.5-1 ° Safety of Exercise Training and Testing

The primary reason for the reluctance to

-

exerclse older subjects at high inténsbties relates to

¢

1gsues of safety. Some of these fears(gre not unfounded as

>

the risk that exercisé%may provoke a musculoskeletal intury

increases in older individuéls, particularly if they have

been- sedentary over a number of years (Kilbom et al, 1969;

—_——— .

Mann et al, 1969). A high prevaiénce of musculdskeletal
injuries (sore muscles, joints -and tendons) was reported by
Tzankoff et al (1972) 1in their 44-66 year o0ld subjects,

largely ;é a result of joéging. After the jpggiﬂg
) .

requirement was withdrawn and training consisted mainly of

racket ball games, the injuries wefe eliminated. However,

]

such high prevalence of 1njuries 1is an pxception rather

than the rule in studies of this nature. \ ' .
With regard to the safety of maximal exercise
‘tests, -Sidney and Shephard (1977) reported no 11l effects
in 55 maximal tests in ~subjects aged 60-83 §eaps. There
was one eplsode of ventriéular tachycardfa qhic# qubsided
spontameously.wfthiﬂ a few minutes-. The risk of-a‘fataﬂ'
e%ent,@ur;ng exercisertesting in subjects of ali'ages,
including some with coronary heart disease, wés reported-to
be.one in 10,005'(Cumm1ng, 1976). A recent survey of 1,375

centres (600,000 exercise tests) reported the risk for a

fatal event to be 0.5 deaths per 10,000 exercise tests;‘702

—
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[

of which were maximum symptom-limited teste: The total of
all complications (arrhythmlias, 1nférctions and deaths)
was B8.86 per 10,000 exércise‘tests (Stuart and Ellestadi'
1980). No difference of riék was found Eetweep maximal and

sﬁbmaximal effort in over 170,000 -tests {(Rochmis and*

Blackburn, 1971; Stuart and Ellestad, 1980). In view of

‘these findings, 1t appears that the risk of appropriately

monitored exercise and exercise testing is very small.
W

.- >

2.6 Infitial Level of Fitness

The adaptive changes ‘that occur as a resulp}of’

\
-

training are inversely related to the pre*fiainihg fiéness
of the subjbcts‘??%ephard, 1968; Kilbom, .1971; Stamford,
1972; De Vries, 1970; Sidney and Shephard, 1978; Tzankoff T
et al; 1972; Saltin, 1969). . Subjects with high ipitialu
peak VO, valpeé (overrﬁgwhllkg/minf training for an average

pertod of sixteen weeks improved their peak‘VO2 by 4% to

o\ -
12%. In contrast, subjects of the same age with low

initial peak V02 values (less thdn 35 ml/kg/min) training

-r

at the same intensgity and frequency, showed a greatef

.’

improvement varying between 22% and 432 (Pollock, 1973).

. Thus -the initial level of fitness of theISubjeth‘is an’

. o= . ) .
important- confounding variable that needs to be counsidered

in comﬁaratiyé studies ‘of young and elderly subjects.

- -
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For reasons, of gafety, Sidney and Shephard'

(1973) did not perform measurements of peak Voé until thelr
elderly subjects (60;83 years) had participated in a seven

— _

week cohditioning pregram. The increase with training from:
we;k a to the final week 21 was onlj 5%.. They 8apeculated
that the largest gain in peak @02 may have occurred during
;he 1fitial seven week period of conﬁitiomingi‘whtch was
not included 1in their overall evéluatton éf the program.
lOn the Bthar.hand, Barry et al-figﬁl) found a 38% increase
~ in peak Vo, (1.20 to 1.66 1/min) in their 55 to 78 year old
subjécts‘afper twelve weeks of training starting at low
(<120 bgats/hin) and progressing to high intensity
kapproximately 130 beats/min). However, their subjects

. reached low pﬁe—tfaining peak hgart rate values (126
beats/min) with.a 602 max of only 1:2071[m1n. Furtheémore;
in" some subjects, the exercise test'hhd to be gstopped
~because of Flectrocardiographic ahnormalities, tind maximal
v;iues may not hévé béen reachéd. Therefofe,qa high
iqitial fitness, cqhbiﬁeé’with a briéf duration of
training, wmay res&lt in ﬁo gains.iﬁ peak ﬁoz, which may be
the case.in the stuﬂy repbréed by Benestad (1965). The
‘opposite woulg be.tfue‘if'thg initial” level of f;tpess is
very low (1.20 1/min), as in the case of Barry et al

(1961).
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A

On the basis of the above consdderations, we
recruited two groups of young and 01d7heE1thy males who
were\sedentary and ;111}ng to undergo intensive enduradce
traianing. Results from the cross-séctionél study réviewed
earlier in this chapter enabled us to compare ‘the initial
level of fitness in the young and elderly subjects with a
‘Aarger sampfe ?rom the same population, who underwent the
same :esting ﬁrocedures.."On the basis of this, we were
able to show that.the two groups of young and elderly had a
comparable initial level of fitness, approximately 807% of
the predicted average for their age: We als;;attempted to
eliminate as many as possible of the confounding variables
related to wbody size, smoking hisgory, level of leisure and

occupatiohal activity ahﬁ motivation to exercise, by

dareful selection of the subdects on the basis of a

.
- -
»

pre-recruitment interview. - o

‘Many factors contribute to the increase in

'

exercise capacity with.endurance training;fchanges in heart
’ ' * s . .

rate, stroke volume, cardiac output, arterfio-venous oxygen

difference and changes in therperiphefal circulation and

'muséle."fhese were reviewed in the prevfous chapter;

Although there is some information in the literature on
: ’ _— ”. . . d -
training-associated changes in older indiyidualsy@the
RS : ‘ . ' R
conflicting results, lack of direct comparisons'%etwegn

elderly_and young subjects who have cpmparabie initial"
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- levels of fitness and trained at the same 1intensity,

LS
‘confound the resulta.Qh Furthermore, we do not %know whether

over 60 year-old subjects can tolerate high intensaity

training ‘and whether the adaptatlions after training are
>

similar in quantity or quality with those expected in young

sub jects.

Ve

The present study wif an attempt to prﬁvide
_ some answers to.the above questions by examining the effect
of high 1intensity enddrance t}aining in two groups of
elderly and young‘subjecgs.

4
.

2.7 Purpose of the.étndy

The purpose of this study was to examine the

effects of aging on the training-associated changes in the

’

: . . :
cardiorespiratory responges to progressive incremental

exercise and In the capacicty to geheréte power 1n

> -

short-term dynamic exercise. ’ oo .
2.8 Hypothesis

N,

It is hypothesized that: ~

s

High ,JAntensity endurance . training will,résﬁlt_in a

signiffcant improvement in exercise capacity, determined by
. ‘ y ) e
;- - . .
increases 1in peak VOZ, in 60-70 and 20~30 year old healthy;
; . ? : . N .

. . o
sedentary males. However, the magnitude of the improvement.

- ’

»

LI
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“1in the elderl; will be less than that in the young subjects)

2.9 Objectives of the ﬁégdy
The study objiectives were to: ‘ \
. A
(1) . determime the extent to which healthy oldder

I\
. subjects {(over 60 years).ﬁho had beea sedentary

over a number of:- years are capable of
increasing their m;ximal_;%ercis% capaclty.
(1) d&tgrmtne_the feasibility‘of using high.
intensity eéduraﬁde training in gr;v}ously
sedentary over 60 yeaf cld males. ,
(1141) . compare the magnitude of change 1in short—-term
poweri output and maximal exercise capacity
(peak 602) and related cardiorespiratory
variables in young and old subjects ﬁhovhad-
uhgergone high intensity endurance training of
_the syme duration, frequency and ﬂn;ensify.
(iv) examine the relative roie of:diffefewt
. 'fu:ic£1<:nal téh?;ractqarfst:;cs in any
training-induced'change-iﬁ peak 602 in youhg
and old subjects. %hgse inéfude“;afdiac——

'output, heart rate, stroke ﬁolume, Blood

tissue oxygén

pressure, vdscular conductance,

extraction and the muscle'’s ability to generate
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and maintain power during éhort;term dynamic

A
exerclse.

4

‘-In the following chapter the methods and

procedures of the gtudy will be described.

L]
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3. - METHODS AND PROCEDURES

3.1 ‘Introduction _ "

»
- .

A group of young (20-30 yearé) and é group .of
older (60~70 years) healthy, sedentary males participated
in this study, which employed a pre- to pEstTtest repeated
measures design. The main reasons for'selecting these age
groups were: o
(1) Physical work capacity reaches a peak by the

. ' age of 20-30 years. This was’ based on resultﬁﬁlwﬂfﬁ
reporte%\{y the literatuge and our own

cross—-sectional Bt;dy. .

N\~ ' : )
(11) We wanted to obtain 'an age ‘differ¥nce of at

least-forty yedrs between the young and old.

(Lid)y - The likelihood of recruiting sub jec in their

. , sixties who were not—on medication and were
" willing to undergo intensive endurance training -

was -greafter thahﬁin subjects in thelir

f »

4 seventies.

o In the following sections, the squettq,
testing procedures, trainif&\program, and statisfical

dnalysis w111 be described. 7 . v
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3.2 'Subjectn -
Twenty-four pre@iouely sedentary, healthy
_//

males, twelve aged 20-30 years, and twelve aged 60-70
years, entered the study. Two of the young sBubjects

F ’

withdrew from-the study for Job-related reasons (transfer

&\m N to another city). A total of {én young and twelve older

subjects completed the study. Descriptive cHa:acteristics

' L
of the gubjects are given iIn Appendices 3 and 4. The
i - B .

subjects were recrulted by adveTtiaing-i{«Lhe local

newspaper. A total of 217 volunteers responded to the call

-~

for subjects. Each volunteer was contagted by telephone to
- determine suttability for tﬁe study and approximate height

and welight.

The admission criteria to the study were

freedom from known cardiovascular, respiratory and other

diseases, no. medications known to influence exercise
. !

capécity, blood pressure below 150790 mmHg, normal

- — -

splrometry and resting electrocardiogram, sedentary -
. R , ,

lifestyle and motivatign to complete the study.

1 -

Thé subjects were aimilér‘iu body weight, the

1

young' subjécts ranged ;ﬁ wveight between 57.0 and 85.0 kg

(mean = 71.0 kg); the older subjects ranged in weight 

bdtwéen 61.0 and 89;0 kg (mean = 73.0 kg)n. The'yoﬁng

h .

. . o v, . R
///iggdects were taller; range 163.0 - 184.0 cm (mean =

-~

=
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176 .0cm) compared to 162.0 - 178.0 cm (mean = 171.0) in the
older group. —

Th'e occupational status of the subjects was
similar, the majority being in sales, managerial or
professional occupations. Six of thé older subjects were
retired and two of tﬁe young subj%cts we;e university
students. ’ .

Upon admission to'the study, each subject
completed two questionnaireh'to‘detérmine general health
status ‘and level of physical activity\and smoking history
{(Appendices 5 %ﬁd 6). The older subjects were required to
have 4 medicél examination by the%p own physicilan (Appendix
7) which was accompanied_byla‘brief despription of the
study (Arééndix 8)., Some subje;ts had minor
musculoskeietal probiéms,,mostly knee and back problems,
but these did n?t_inhibft_ph¥31¢81 aﬁtivity. The majority
wdre non—-smokersa, although seven of the qlder suPJectE
'had smoked when.they were youngerlaﬁﬂ stopped smoking'10f34
yeafs ago. No "subject waé involved in any physical
actitvity such as:wglking or.sporth for more thanm 1-3 .
hré/wegk (lefsure activity level 1,-Ap§endix 3).

o The study objectiveg, procedures and possible
risks were dgscribgd'in'detailmand,signéd informed consent

was obtained (Appendix 9). The study was approved by the

university ethics committee. No remuneration was offered.,
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3.3 Experimental Protocol

Two tests were performed by each subiect: a

multistage progressive exerclise test on a cycle ergometer

‘and a 30 second maximal power output test on an isckitetlic

cycle ergometer. The multistage progressive exercise test
. -

was always performed first to determine the suitability of
tﬁe squects to undertake vigorous exercise trainling. Thie
sanects returned to the laboratory on two diﬁferent days
to perform brief maximal bouts of] cycling on an isokinetic
cygle ergnmete; at fwo pedal‘v locities. bThe order with
which ;he maximal power output tests were pépformed was

determined at random. The testing procedures were repeated

at the end of the twelve week training program.

E
3.3.1 Progressive Incremental Exercise Test

3

The'subjects.;ame to the laboratory at least
two hours after théirllast meal. . The progressive®
incremental exercise tésf was performed on a calibrated
electrically braked cyclerergometer (SiemenszEfema, model
EM 370). The saddle and valve mouthpiece were placed in
' comfoptable positions. The*inipiafipower setting for the
yoﬁngef ﬁubjects was 200 kpm}min (33 ﬁ) with successive
increasés of 200 kpm[m@ﬁ every 4 minutes. ?or‘the.o;der
suﬂjects, fhe initia: power setting was 1;0 kpm/min

(25 W) with increases of 150 kpm/min egvery 4 minutes. The
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subjects exeréised to a symptom—limited maximal power ¥
output, defined as the point at which they were unable to
maintain the required pedalling frequency (60 rpm) despite
maximal effort. The criteria used fqr a test to be stopped
by the observers are listed in Appeqdix 10. No test was
.8t dFped because of these crireria.

During the last ﬁinute of each power output,
measurements of oxygen intake (ﬁoz), carbon dfioxide output
(ﬁcoz), ventilation (ﬁE), respiratory exchange ratio tRER),
blood ﬁrsssure and heart rate wéere obtained, followed by

cardiac output measurements during f;l lagt 15-20 deconds

of each power output.

, "
¢

Oxygen intake was measured by the open circuit
method using a calibrated automated exercise metabolfc

system (Sensor Medics Horizon MMC, Anaheim, CA), The MMC

e

L) e : . .
Horizon System. is8 a mi&roprocessoi-controlled_system

(Norton, 1982). _C.;\:\c"ygen'ois measured with .a
;températurchontrolled, fast—resﬁonse paramagnetic oxygen
analyzer'(ﬁeckman OM-11). Carbdn,dioxide is‘measure& with
. p
. aun ;nf:ared COZ analyzer‘(Beckman LB2)° The systeg
1s-ca11br{£e& with_:—:erb-ga; (100%Z N3) and a precision.
calibration gaa (4% co, and 162'02);. It checks for noise
ané-drift by sampling room air and.pfints a warnihg when
gain, zero or foom ;ir analyseé are outside normal limits

(th.OSZ).' Volume was calibrated by delivering  a fixéd

volume (1 litre) at varying flow rates. The ac%ura:y of

pl
-
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the gas analyses 1s within + 0.05% for 09 and + 0.032 for
coé. The equations used to calculate oxygen intake, carbon
dioxide output and wentilation are given in Appendix 11l.

He;rt rate was measured'from ?ive congecutive R

to R intervals on the electrocardiogram (lead V5). In the

—

older subjects, a 12-lead elZEtrocardiogram was also

‘...ﬁ T
obtained at 1intervals throughout “the exercise test for
1 7

monitoxring purposeg. Blood pressure was measured ,by

auscultation.

3.3.2 Cardiac Output Determination
>

Cardia¢ output was measured by the indirect

Fic 'princ}ple using the 002 rebreathing equilibration
methoW (Jones et a1:‘196f; Jones and Reb;ck,‘1973).
éﬁitable nixtures of 002 in 0, were rebreathed from a
5-1litre anaesthesig bag to obtain equilibratioén of PCO2 in

E ]

the lung-bag system. During “the last migute of each power

ou;put, after measurements of voé{ heart rate and blood
pré:;ure vere qb;ained, the subject was switched to the
rebreathing bag at the end of an expiration rand was
encouraéed to take several rapld ‘deep b}eathg to ensure
gpﬁd m%#iﬁg be;wegn the gas 1in the bag and that in-the

lungs. The volume of the rebreathing mixture was about 1.5

to 2 times the'subjéct‘s tidal volume. The C02
!

conceqztafion was typically between 9%  and 16X, depending -

- . -

S
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on the subject's carbon dioxide-output, with,higher
concentrations used ering heavy exercise when mixed venous
CO2 (PGCOZ) is8 high. . Re?ﬁeathing was maintaiﬂed up to
about 15 seconds. The equilibrium PCO, Qas acceptéh if 1t

Il

remained at a stable level (+ 1 wmmHg) for several breaths

before recirculation (12 seconds). T

The PVCO2 was'derived from the equilibrium PCO,
(PEQC°23 Appendix 12). In caées where an equilibrium was
.not attalned, P\'rCO2 was estimated by extéapoldtion of a

line joining the points for expired PCO at 8 and 12

2
seconds of rebreathing to the point at 20 seconds, as
described by Jones and Rebuck (1973). This value was "fround
to lie within + 2 mmHg of the equilibrium value (Jones and
Rebuck, 1973). Arterial PCO2 (Pacoz) was estimated from

‘end-tidal PCO, (PgTCO

93 Appenﬁix‘lZ).

Cardiac output.(d) was calculated by applying

the Fick principle to COz-as follows:

2

where CGCO2 and CaCO, are derived .from” the corresponding

Q (1/min) = VCO, / (C¥CO, ~ CaC0,)

PCO2 values through.the quldissocigtion curve for
'oxygenateé blood {(Appendix lfi. T .

The pegk'cardiac output‘w#s estimated, a§ the
sub jects ;;uld not tolérate.high CO2 concentrations during.

" rebreathing at peak exercise. This was done by calculating

the regression equation expressing the 6/602 relationship

———
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during submaximal exercise for each individaal sugject and
extrapolating the cardiac output value at the maximal power
'

output. The extrapolation extended over one powef output
commonly and in only two cases did it extena over more than
two power outputs; 1in terms of ﬁoz; the extrapolation
extended for a mean.oé 325 wl/min in Ehe gld and 505
nl/min in thg young subjects. The mean number of cardiac
output measurements avallable for each subject was 4.6 in
the old and 5.3 in the young group.

Stroke volume’ (Vg), arterio-venous oxygen
(a-V)OZ) difference and vascular conductance (g) were

~

calculated as folloys&
, Vg (mls‘- é ! fc
(&%) 0, diff.}(mllmin) - {rozld
g (llmmﬂé3 - Q/Pa
where Pa 1s the mean afterial pressure (Appendix 12).

3.3.3 Maximal 39 Second Isokinetic Test
» Y

The 30 second maximal cycling test was carried

-

out on an 1isokinetic ergometer'at'pedalling frequencies of

60 and I10 rpm. 'The .1sokinetic ergometer was extensively

tested by McCartney (1983). Continuous measurement of the

maximum torque "applied to the cranks of ‘the ergometer can
be obtained at a pre-determined constant velocity,

%

[id
.

maintained by a 3 hp‘;}gg{fic constant torque motor (Boston
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-
Gear 18300C) and a speed controller (SCl154B). A wide
rapge of pedalling speeds is.provided, 13 to 166 rpm, by a
asprocket ass'embly containing a unidirectional clutch, which
prevents the pedals from turning until the sdﬁ%ect beginse

to c@cle. .

The forces applied to the pedal cranks are
detected by matched pairs of strain gauges
(Micro-measurements CEA-06-250 VW - 350) attached to eadﬂ
pedal crank. The signals from the strain gauébs are
amplified and f;ansmitted to a Hewlett P;tkardlchaft
recorder (7700 sériee) through a slip ring and a2 Wheatstone
bridge circuit. On-line calculation of the fesults is
performed by a laboratory computer (Digital quipment
Corporation), which samples torque at 10 millisecond -
Intervals and .performs integration with respect to time to
get the average power for each pedal revolution.
Calibration of fhe system Ly suspending weights from each
pedal ﬁp‘to 136 kg-(1334.7 N) bveg several weeks revealed—
a mean coefficient of vafigtion ofﬂl.SZ (HcCartnéy, 1983);
CElibratLon #aﬁ performed before each‘teii by applying a
known‘weight on each pedal locked in the 90o position.

A‘sfandard procéaure was followed for each
teét. The optimal saddle height was selec:tﬁbfér each

subjept'(slight knee flexioﬂ with pedéllvértically down)

and the feet were secured to the pedals by toe clips and

-
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straps. A restraining h;rness around the hips preventéd
lateral and férward movement and ensured that the major
contribupion to power output was from the quadricepa'
muscles. The test was explained to the subject and a brief
prﬁctice run was allowed. When the motor was activatea,
the subject was allowed a brief time- (2-3 seconds) to
catch up to the speed setting before exerting maximal force
on the pedals. Constant encour;gement was gliven to the

subject during the test to exert maximal effort. This

procedure was performed at a pedal velocity of 60 and 110

P

rpm on different days. ‘ -

Venous blood was sampled from the ante-cubital

veln 5 minuteq-aftet'completing the exercise for‘
measurement of plasma lactate concentration. This time was
found to be adequate for plasma lactate concentration to
reach a steadf—state level (McCartney, 1983). Samples.for
iactateﬂyere cenﬁrtfuged wifhin 5 minutes and the :plasma

o
was stored at -20 C. Plasma lactate was determined by a

flu;roscopic enzymatic technique (Hohérqt, 1965).
Measurements of aver;ge power and work for each
peaal rerlution, the cuﬁﬁlative wqu and the fatigue 1nd3£
over the 30 second test were calculated oﬁ—line by’ a
laborﬁfpry compufer. Peak torqqe:(Nm) is the ?roduct of

the mass (kgf,multiplied Sy the‘gravitational constant

{9.807 .m. s—z) and the‘length of tﬁéwleve:“nrm (m). Work

’
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(J) 18 equal to the product of the constant angular
velocity (rad. s—l) and thevintegral of torque with respect
to time. Peak power (W) was calculated from pegk\torque
multiplied by the angular veldcity of the pedal cranks.

Average power 1s equal to the work divided by the time
o »~
taken for the pedal crank to rotate 360 . The declin? in

power during the 30 seconds of Ehe test (fatigue index) was
4

calculated.as follows:

e

fatigue index = initial mean power~final mean power x 100
initial mean power

where initial ‘power was the mean of the thfee pedal strékes
representing the highest observed power output and final
power was the mean of the last,:;;ee pedal strokes of the
test. o

The repﬁat&bilitf'of the méhsufementq was
examined by duplicate tests wighin 2-4 da¥s (at pre—testI{
Fach subjéct repeated the'tgét at one pedai velocity chosen
at random: N; significant dif}erénces ﬁere found.between
the‘;pitthX(ﬁay 1) and répeat measurements (day 2) 1irn
either gfogb; young group: - mean maximal average-pqwe; (W)‘
J168.7 t;166.3 on- day 1;'746.0,1 133.8 on day.2 (difference
of.éz); mean totaf w6fk (?J) 15.9 + 2.0 on_daf 1, 16.2 +
‘1.7 on day‘zi(aifferﬁhée'of.ZZ)J}Qean fat;gue index (I)
46.2 i:20.3 on day 1, 45.7 t_20;7 on day‘z.(aidkerence of

1Z); older group: _-mean‘maiimal_average power (W) 536.1 + .

L)

g
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102.1 on day 1, 560.6 + 139.8 on day 2 (differehce of
4%Z); mean total work (kJ) 11.4 + 1.4 on day 1, 11.7 + 1.2
on i?yfﬂ (difference of 3%); mean fatigue index (%) 44.4 +
18.3 on day 1, 45.4 + 19.0 on day 2 (difference of 2X).
The values of the repeated meaau;ementa for each ahbjecg
are gipen in Appendices 13 and 14. Similar findings were
reported py McCartney (1983) in healthy young males

performing the test over a wide range of pedal velocities.

3.4 - The Training Program

Upon completion of the test;, the subjects were
brought together for an orlentation session. The Eraining
procedures were, explained and ifdstruction on the monitoring
of the -radial and/or carotid&pulse was given. The subjects
wefe required to exercise for approximately one hour .
'excluding warm-=up A;; cool-down sessions, 3 days/week for

twelve weeks. An interval training regime was gsed
consisting of exercise bouts of 5-minute duration on a
cycle eréometer adjusted to elicit a heart rﬁte
’ibrresponding to aboﬁt 65% of peak @02, followed by
recovery periods at a lower intensity (552 of peak Goz)
during'the girst week. The intensity was gradually

1

increased so that by the third week, the subjects were

| training at a heart rate corresponding to 85% of their peak .
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Vo,, followed by recovery perigda at a heart rate
corresponding to 657% of peak @02 (Figure 5).

‘ The training protocol used was gimilar to the
one described b} Hickson et al (19?7). The s-minute
exercise bouts were separated initially by 5-minuté’active
recovery periods which decreased gradually to 3 minutes in

-duration. This was repeated initially five Eimes,

p
progressing to seveén times by the third week of training.
~

Heart rate at the end-af each exercisé peri;d was recorded
in the subjects' log book. Mean training he#rt rates were
166 beats/min in the young ;nd 140 beats/min in the older
group. ‘ ' -
In the elderly subjects, the mean initiﬁ{/
‘tfaiqing power output was about 400 kpm/min progressing to
600 kpm/min by the third week of training when the
" prescribed training‘hearﬁ r;te';as reached. During the
remaining nine ?eeﬁs”of training, the hégrt rate remained
the_pame while the'power oufput reqﬁired to maintain the

-

pfescr}bed hea;t rate 1ncrqa;ed progressifply,to 900
gpm/min by thé_final veek of trajining (an iécreaée of 50X; -
Appendix 15). In the }oung subjects, thé mepn {nitial
training power-ouéput was about 600 kpﬁimin progressing co.

900 kpu/min by the.th{rd veek of trgininé.when the

. prescribed training heart raﬁe was reached. . During the

remaining nine weeks of training, the heart-paté remained

2
wr v



PROGRESSIVE INCREMENTAL EXERCISE TEST
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(*h)  (mins} (mUkg/mif)  Oatput Training Heart Rate
(kpm/min) (bedts/min} (beats/10s)
Week | 65 5 5 129 450 - 125138 21-23
- 45 5 "5 ~ 200 105115 1719
Week If 75 5 6 14,6 550 135-145 22.24
c 55 L 6 250 110120 _ 18-20
Week I 85 S a7 166 - 600 140150 . _23:25
65 ‘3 7 300 115-125 . 19-23
o i
Figure 5. Example of exerc?&e prescripcion based on a progressiye

incremecatal exercise test (60 year old male).
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the same while the power output required to maintalin the
preaqribed heart rate Increassed progressively to 1200
kpm/min by the final week of training (an increase of 337Z;
Appendix 15).

The maximal power output attaiped by the two
groups duriqg the pre-training progressive Iincremental
exercise test was 725 kpm/min in the old and 1080 kpm/min
in the young group. This value was exceeded on the average
by the sixtﬁ week of training in the elderly and the ninth
week of training In the young subjects (Appendi; 15). By
the end of the training program, the subjécts were training
at a mean power o&gput that was 247 higher in the elderly
and 11%Z. higher in the young than the maximal power output
atthingd during thé initial increme&tt%-txerctEe tesﬁ. '
| Each subject compleéed all requiréd training

-

sesslons; 1f a subject was unable to attend at the

scheduled time, alternaﬁive arrangementg'were made so ‘that
. the required number of training session;”was attained with
minimal interruptimn. Attenaance and perforﬁance'ag‘the
sessions were closely monitored and reviawved with_eaéﬁ
;ubjec;. Thejpubjeccs_polera;ed the training progrém well

and there were no Injuries or other adverse effects.
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3.5 Statistical Analysis

The data were analyzed using %he Statistical

"
Package for the Social Sciences (SPSS) on a CYBER 6600

' ¢

computer. Mean values and standard error of ﬁhe mean for
peak 602, ﬁE,-éCOz, RER, éardiac output, be ra
systolic blood bressure, conductance, stroke volume and
arterio-vehoua_oxygbn difference were calculated .for each-
group before and after training. Mean submaximal values
(t_é,E.M.) were a156 calculated for each grouﬁ beforé and
after traiﬂing;'these prresen; the mean value for each
exercis; level completed by all subjects. Means and
.séanqarqaprror of the mean were calculated for the 30
"gecond maximal 1sokiqetié test at both pedalling
frequencies; a#erage powef, totai work, fatigﬁe index and

plasma lactate concentration: Analysis of. variance was

used to test for differences in the following compaiisonsg:

-

(1) ; béfore training: old compared to young
(11) cld: before compared :5 after tfaining.
(111) young: befoFe comp;;;a to~after training
{iv) ~ after tradaing: o}d compared to young.

" These anélyses gegmitted examination of both aging and

training-;ndhced i}fferehces in ﬁhe capacity to perform
maximalhphysical work ahd to generate short-term maximal
¢ power b;fput. The‘rélationships bétween peak 602 ind
pefipher&fﬁmd;clé measures (average;power, total worﬁ,

-
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fatigue index and plasma lactate) were tested with Pearson
correlations. |

Linear regression anhlysis by the'method of

least squares was used to examine the relationsBidp between
changes in-;ardiac'output, heart rate and systolic blood
pressure with increasing @02 dufing the ipcremental
exercise test. T '

To test for differences *hetween reg;ession
equatiops, a.three-partvprocess was employed. In the first
part, ?he_relaflonshfp fsdmodelled as a single' straight
line which assumes that no 41fferencés exist between the
two groups or between pre- and'post-trhining. The second
model assumes that the two regressfon'lines"rpn parallel.fo
each other (séme alopej.. The third model &a8Bsumes that
re are two rggressipn linep ﬁitﬁ-diffefent.slopes. We

L , -
tested "which model best fitted the data by using the
standard F statistic during';ach,of these steps. To
_test 1§-5he model vas appropriate, residual,plots were used

as described by Draper and Smith (1966) ‘ This analysis

permits examination of the differences 'between the actual .

value and the predicted value from the regression Iine. No

residuals fell outside + 3 SDs..ﬂ



4. RESULTS

4.1 Introduction .

This study examined the effects of aging and
exercise and the interaction between them during both
progressive 1ncreme;tal and short*tgrm maximal 1isokinetic
exercise chosen to quantify changes in oxygen transport
mechanisms and muscle functi;n. The pre-training data
served as the baseline for comparison ywith the
post—trainihg data. —This permitted the examination of
éraining-gssogiated changéﬁ_}ithin and between the two
groups. We were able to examine the extent of the
training-assocliated change in‘ the young and older subjects,
to quantify"the differences between them befbre angd;ftgr
training, and to identify m:chanisms.likely to contribute
to the pre?training differencé& between the young and old,
and to an} training-associated a@ap;ations.

-

Initially, the pre-training changes during
v
ubjects and comparisons’

) .
between them will be presented to identify the age-related

exercise iqpthg elderly andtyoung B

differeances between the two g}oups. The,@oét-training

1

6hﬁnge§‘dufing exercise in each gfoup and compariscns

between them will be presented ﬂextj to indicate the

105 ‘ X
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training-assoclated adaptations and diféerences in these
between the elderly and young subjects. The individual
values both pre~ and post-training in the two groups during
the progressive incremental exercise and short-term

maximal power output tests are given in Appendices 16 and

17.
b ,
4.2 Before Training
§.2.1 Responseée og/nlderly Subjectse to Progressive
>

Increleniﬁ{,and Maximal Isokinetic Exercise

-

‘The older subjecﬁs achieved a maximal -power
. output during théﬁ régressive exercise test bf 725 t;31.2
kpm/m‘.lnl(Figure q‘){ Their oxygen intake :anrea-sed. linearly
throughout the increuenﬁal exercis; to reach a peak VOz of -
— N - ;
1. 599 + 0.073 llmin.‘ This was accpmpanied by a linear
in;rease in cardiac outﬁ;f :; a peak value of 12.7 + 0.61
1/min. The cardjac_output-oxygeﬁAintake relationship was
expfesged by the following equation- (Figure 7): .
Cardiac output (1/min) = 4.5 + 5.4 (V0,)
r=0.95  S.E.M. ='1.21 | '3
'Thé afterio-venous oxygen differénce increahe& during

exercise from-80.6 + 3. 58 mlllyat the 1nit1a1 power ocutput '

to 126 5 + 3. 70 ml/1 at peak vo
2° } o

Ed
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Heart rate increased linearly with increasing

002 to a maximal value of 161 + 3.79 beats/min (Figure 8):

Heart rate (beats/min) = 57.2 + 62.7 (QOZ)

r = 0.95 S.E.M. = 13.5

There was a gradual Iincrease in stroke volume during

" exercise up to about 653% of peak 902 (88.2 + 4.68 ml) with

~7a progressive decrease as ‘exercise approached maximali‘
A e

values. Systolic blood pressure increased linearly to a
maximal value of 205 + 3.58 mmHg (Figure 6). This

relationéhip is expressed im\zre following equation

" (Figure 9):

Systolic blood pressure (mmHg/l) = 131.6 + 44.1 (602)

r = 0-90 . SIE-M- - 18.9

Ventilation and carbon dioxide output 1ncreased
during e;ercise to maximal values of 65.4 + 3.96 llmiq anid
1.86L + 0.096 1/min resp;ctively. At peak exercise the
reshiratofy exchaﬁge ra;id wdﬁ 1.12 t~p.02:

Duriﬂg the 36.second maximai isokinetic
exerclise at 60 rpm, the older subjects athieVeﬁian initial
maximal average power output ‘of 468.8'1_15.43 W‘aq& total
work of 11;4fi_0-40 kJ. The post-exércise_plasma lactate_
concentrati;ﬁ was 9.0 + 0.69 mmolis/l (Figure 10). The

power genérated by the leg muscles declined progressively
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during the test so that the percent decline from the
beginning to the endlof the test (fatigue index) was 34.3 +
10.k%.

At the highif pedalling frequency (110 rpm),

maximal average power was 625 + 33.38 W (Figure
work, (11.2 + 0.40 kJ) was aimilgr to the value gttdined at
60 rpm. The plasma lactﬂte concentration was,,
+ 0.61 mmoles/l), butl;he fatigue index was .almost twice
the value observed at 60 rpm (59:0.t_2.401).

A significant relétionship was found between
the ability to generate and maintain power during 30

£

seconds of maximal cycling and the peak 602 attained during
progressive incremental éxe;cisé (Figures 12 and 13). This
relationship was greater at ;he pedalling speed of 60 rpm,
wﬁich was the same speed maintained for both the short-term
power output énd'incrementél exercise tests; for maximal
. . ,
average power the correla;ion coefficient &as r = 0.84 and
for total work r = 0.87. The corresponding Qalﬁea at 110
. L - .
' rpm were r = 0.65“aﬁd r = 0.78. Ihe fatigue index_related
negatively with peak 602,‘but‘the rélationshipnvas not

significant; r = -0.34,at 60 rpm and r = -0.24 at 110 rpm.
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4.2.2 Response of Young Subjects to Progressive
. Incremental and Maximal Isokinetic Exercise

The y0ung‘gubjecta achieved. a maximal' power
output of” 1080 + 61.08 kpm/min (Figure 6). Their oxygen
Y ‘ B
inteake increased linearly throughout the progressivé

< ’ . “ -
incremental exercise to reach a peak voz of 2,536 + 0.141

L /min. This was accompanigd by’\\711near Eggrease in

cardiac output to a peak value of 18.0 4+ 0.73 1/min. The
cardiac‘output-oxyge; intake relationship was expressed
by the following equation (Figure 14): ’
- Cardiac output (%/ = 6.6 + 4.7 (@02)
| j Tm0.9 T S.E.M. =1.34
&he Qr:erio-venouq oxygen differenee increaaed during
exercise from182.3 + 2.53 ml/1 at qhe_}niti;i‘power outpg&f
to 140.4 + 3.96 ml/1 at peak ﬁoz.
Heart rate increased linearly with increasing

602 to a maximal valu% of 7192.2 + §:?8 beats/min (Figure’
15): .- Y

Heart ra??‘{beats/mini = 74;2-# 44.8 (602)

| r=0.95 " S.E.M. = 14.0 |
There was a*gradﬁél increase 1in stroke volume du:ing’
exercise up to gﬁout 60% of peak 602 f99.6 + 4.34 mwl) with
a progressive decliné as exefciséihpprogchgd‘ma;imai

values. o ) \
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Systolic blood pressure increased linear{y to a

mgximal value of 190.2 + 2.31 mmHg. This relationship was

-

expressed by the following equation (Figure 16): ;

Systolic -blood pressure {(mmHg) = 112.7 + 31.2 (002)

r = 0.88 S.E.M. = 12.0

Ventlilation and carbon dioxide output incregsed
with increasing ﬁoz to maximal values of 86,4 + 5.76 1l/min
and 2.939 1.0.018 1/min respectively. The respiratory
exchange ratio increased from 0.91 + 0.03 to 1.16 + 0,02 aé
peak exercige.

During the 30 gsecond maximal isokinetic
exercige at 60 rpm, the yo;ng subjects achieved a maximal
average power of 650.3 + 25.2 W and total work of 16.6 +
0.54 kJ. Th? post—exercise plasma lactate concentration

‘.8'1 0.73 mmoles}l (F;gure 10). The powér output
genefated bf the leg muscles declined progressivelx‘during
the test yielding a fatigye index of 29.5'f;1.582. )

A:-the higher pedalling frequency (110 Trpm)
maximal average powér quééuf was 868.6 + 35.3 W (Figure
11). Total work (15.7 + 0.73 kJ) was similar to-the_;alue
attaingd at 60 rpm. The plasma lactate concentration was

similar (lé.l'i 0.85 mmoles/1l), but the fatigue index was

twicé the value‘att;ined at 60 rpm (62.8 t_l.&&%).._

20 .
-k N
b o
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4.2.3 Comparisons of Pre-Traihing Responses between

the Elderly and Young Subjects

The peak power output of the older subjlects

was 672 of _that attained by the young subjects (Figure 6).

Compared to the young subjects, the lower peak 602 (37%) of _

the elderly was assoclated with a lower peak cardiac output
‘ !

(30%) and arterio-venous oxygen difference (10%). The

lower cardiac output of the elderly was assoclated with a

lower maximal heart rate (16%) and stroke volume (162%).

Durfy{gg exercise, the rise in cardiac output

Qith Increasi; &02 was similar {in the old and young
subjects (5.4 1/min iﬁ th; elderly and 4.7 1/min in the
young per litre/min increase in V0j). However, the
.1ntercept'6f this relationship was significanﬁly lower in
the older subjects (p<0.05). The rise in heart rate for
a litre/hin increase in ﬁoz was siéﬁificantly greater.
(p(0.00l)_in tﬁe elderly (63 beats/min compared to 45

beats/min in the young) associated with a lower stroke

valume.
’6 i

With increasing,exgrcise, systolic blgod
pressgr; rose'significahtlf.more_in the elderly (p<0.001);
L4 mmHg compared to 31 mmHg in the . young). : This'ﬁaé
associated with a lower vascular conductance compared to

the young subjects {Figure 17). ' -
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Figure 17. Total vascular conductance + S.E.M. during progressive’
incremental exercise before (filled symbols) and after (open
symbols) training in 60-70 and 20-30 year old males. Values

- at peak exercise indicated by large square.

Points refer to exercise levels completed by all subjects (old group:
n = 12, young group: n = 10).
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The ventilatory response to exercise was higher
in the elderly (Figure 18). Comparisons between increments
in ventilation relative to increments in 602 up to exercise
levels where the ﬁE/@Oz welationship was linear (450
kpm/min in the old and 600 kpm/min in the young), revealed
significantly highff-ventilation in the elderly ( AVE/A VO,
old = 36.3 + 2.34 1/mi; and young = 24.2 + 3.09 p<0.001).
At peak exercise, both ventilation and ﬁCOz were lower in
the elderly (p<0.001, Table 3).

| During the 30 second maximal isokinetic
exercise the elderly subjects achieved about-;bz of thg
power and tqcal work attained by tye young subjects; 60
rpm, 468 + 15.4 W and 11.4 + 0.40 kJ for maximal av;rage
power and total work respectively, compared to 650:3 t+.
25.2 W and 16.6,1_0.54 k8 attained by the ;oung sub jects
(Figure 10). Thefcorresponding‘values.at 110 rpm were
625.2 + 33.4 W-and 11.2 + 0.40 1:‘.1 in the elderly and 868.6
+ 35.3 W and 15.7 t_b.73 kJ in ﬁhe'young (Figure 11).

The meﬁn‘fatigué index (percent decline in
average power over the 30 seconﬁ test) was similar in the
two groups. At 60 rpm thié was 36.3 + 2.9%2 in tﬁe.z;derly
and 29.2 + 1.6%Z7in the young subjects. At the pgdalling

‘freqqency,oflllo rpa the fatigﬁe index almogt doubled in

Ss.
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Table 3.

Group

20-30 yrs

60-70 yrs

r

Within and Between Group Comparisons (Mean + S.E.M.)

at Peak Exercise in 20-30 and 60-70 Year 0ld Males

Pre-test

N
Pogt—=test

% Change

Pre-test

Post—-test

X Change

Oxygen
Power Intake
kpm/min (1/min)
1080 2.536
61.1 0.141
s
1560t 3.263t
83.2 0.181
(bbb - 28.7
4
725 1.599
31.2 0.073
1125t 2.212%
43.4 0.0?3.

55.2 ., 38.3

&

Carbon dioxide
Output ’
(lfmin)

2.939
0.178

3.784%
0.207

28.8

1.801
0.096

2.510t
0.066

39.4

t'significant differences between pre- and post-test (p<0.05).

L 4 Pﬁak cardiac output was estimated fo:'each subject from

o3
j

exercige.

126

" individual regression equations during submaximal incremental
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Cardiact Heart Stroke (a-v)0; Systolic
Ventilation Output Rate Volume Diff., B.P.
(1/min) RER - (1/min) beats/min  (ml) (ml/1) {mmHAg)
86.4 1.16 - 18.0 192 93.9 140.4 190.2
6.8 0.02 0.7 2.3 3.9 3.9 2.3
116.4% 1.16 20.5% 201t 102.2%  1ss.7t  189.5
6.4 0.02 0.9 3.0 3.4 4.9 4.6
34.7 0 13.9 4.7 8.8 13.0 -0.4
L]
65.4 1.12 12.7 161 78.9 126.5 205.0
) 3.9 0-02 ._3:!‘ 006 3 8 3-5 3-7 306
IS
g7.0t 1.4 & 16.5t 173t 95.6  134.7Y  211.7
4.3 0. 01 0.4 3.9 2.5 2.7 4.7
33.0 1.8 29.9 7.4 21.2 6.5 3.3

t —_—

rE 7 ,

The pre-tést differences between the old and young -subjects in all
measurements except the RER were significant (p<0.001).

The .post—-test differences between the o0ld and young in all measurements

except :the RER and_stroke volume were significant (p<0.001).
S A
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both groups; 59.0 i‘Z.AZ'in the elderly and 62.8 + 1.7% in

the young. :
o .
4.3 After Training
i P
4.3.1 Response of Elderly Subjects to Progressive

Incremental and Maximal Isokinetic’Exercise

After twelve weeks of high Iintensity endurance
training, the elderly subjects achleved a m&ﬁimal'power

output during the progressive exercise test of 1125 + 43.4

kpm/min. Peak VOy increased by géz £ rom 14 599 + 0.073
1/min before to 2.212 + 0.073 1{?;n after traiﬂing (Table‘S
) and-Figqre €). Cardiac output 1increased liﬁearly during
exercise to a peak value of 16.5 + 0.4 1/wmin. This
relationship was expressed in the ollowing equation
(Figure 19): f .
Cardiac output (1/miny =/6.3 + 4.6 ({roz)
r = 0.95 S.E.M. =0.96

‘The increase in peak ﬁoz was,gccompanie@ by an increase in
peak catdigq output (30Z)-and to a lesser ' extent an
increase in.peak arterio-ﬁenods oiygéﬁ differe;:; (6%2).
There was a tendepcy for a decrease in fhg post-training

,arterio-venous oxygen difference during subhaximal exercise

but this was not statistically significant (Figure 20). °

3
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The post-txflning Increase™ in peak cardlac

output was prssocliated with a large {increas in stroke.

volume (21%) and a small increase in peak.heart te (7%,

Sy Table 3).

Heart rate rose linearly with increasing VO, to

2
a maximal value of 172.7 4+ 3.9 beats/min. This

relationship was expressed by the following equation:
)

Heart rate (beats/min) = 52.2 + 51.7 (ﬁoz)
1

[

- ¢ = 0.95 S.E.M. =11.0

<--“/’--—-‘//T.'he rise for a litre/min increase 1in 6q%gwas‘51.7
: “beats/min, significaﬁ:lynlower than the correspoﬁding value
observed before tfuaining (p(OlOOl) (Figure 21). While
submaximal heart rate decreagsed after training, stroke
volume during exércisé increased markedly (p{0.0l1) after

. training (Figure 22).
| 4 ‘At peak exercise systolic'blood pre;éure (212 +
4.7 mmHg) was not significantly different compared to the
pre;tréining valdé (205,tf3.6 mmﬁg), despite a.30% fncrease

in peak cardiac '‘output (Figure 6). At a glven ioz,

s . systbiic blood pressure was significantlxédower (p<0.001)
after training, but the rate ok éhange for a 1/min increase,
. in 602 was\jimilar; 44,1 onHg bef%gyﬁnd ?8.3 aftaﬁ
traloning (Figure 25). The relationship (postf-training)
was expresfed by the following equatlon: R . s
- Systolic blood prefsuré(mmﬂg);;'llz.l + 4&.8 (602))
r = 0.91  S.E.M. = 16.9
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Ventilation at low exercise levels (up to 300

kpm/min) was similar before and after training (Figure
24). However, as exercise progressed, the ventilatory
response to Iincreasing exercise was significantly 1owcf
after training §p<0.q1). This was associated with a

-

similar decrease in the_respiratory exchange ratio (p<0.0l,

»

Figure 25)\ﬁ

.In contrast to the haemodynamic and ventilatory
measurements, small changes were observed after tratniﬁg in
the peripheral muscle measures. At 60 rpm, both power and
total work were not significantf& different from the values
attained before training (Figure 10, Table 4).‘ The only
exception was a fall (17%) i; plasma lactate after training
(9.0 + 0.59 mmoles/1 to 7.5 + 0.43 mmoles/1, p<0.05Y,.

) - -However, ®t the higher pedalling frequency (110
rpm), the elderly subjects'achieved'a significantly higher
total work (13%, 11.2 +.0.40 kJ to 12.6 t_0.49‘kJ). This
was assoclated with a matrked fall (26&, p<0.001) in plasma
lactate (10.5.+ 0.61 mmoles/l to 7.8 + 0.52 mmoles/1,
Figure 31). Eurtﬁermorg, the ability to maintain power
over the duration of the test indreased, as indicated by a
£&11 1n the post-training fatigue index (8%, 59.0 + 2.4Z ;o

54.2 + 2.86%Z). Maximal average power yaé unchaﬁk&i}after

training at either pedalliné frequency (Table 45. /
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TaBle 4. Within and Between Group Comparisons (Mean + S.E.M.)
of Peripheral Muscle Function Measures During 30 seconds
of Maximal Isokinetic Cycling at &0 rpm and 110 rpm

Maximal Average Power* Total Work*

(W) - (kJ)
Group 60 rpn 110 rpm 60 rpm
20-30 yrs Pre-test 650.3 _— 868.8 16.6
25.2 35.3 0.54
Post-test 640.4 854.2 16.6
26.2 52.2 0.57
% Change -1.5 -1.7 0
60-70 yrs Pre-test 468.8  625.2 11.4
' 15.4 33.4 0.40
Post-test 478.2 636.9 c11.7
: 17.6 . 26.8 0.%6
% Change 2.0 1.9 2.6

t Significant differences between pre- and p;st—test (p<0.05).
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&

Total Work* Fatigue Index . Lactate*
(kJ) (%) (mmol/1)
110 rpm .60 rpm 110 rpn 60 rpm 110 rpm
15.7 29.2 62.8 12.8 14.1
0.7 1.6 1.7 0.7 0.9
16.9¢ 27.4 sg.1t 11.9 12.1°¢
0.9 2.2 1.6 0.6 0.7
7.6 -6.2 -7.5 -7.0 —14.2(///
F .4
1.2 34.3 59.0 9.0 10.5
0.4 2.9 « 2.4 0.7 e ‘
12. 30.7 54.21 7.5t 7.8t
5 2.7 2.9 0.4 0.5
123 ~10.5 -8.1 - -16.7 ~25.7

Significant differences between old and young both at pre- and
post—-test (p<0.001).
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4.3.2 Response of Young Subjects to Progressive

Incremental and Maximal Taokimetic Exercise
After trailning, the young subjects achlieved a
maximal power output of 1560 + 83.2 kpm/min. Peak 002
Increased 29%; 2.536 + 0.141 1/min before to 3.263 +
'0.181 lfmin after training (Table 3 and Figure 6). Cardiac
output 1increased linearly during exercise to a peak value
of 20.5 + 0.89 1/min. This relationship was expressed by
the folﬁowing equation (Figure 26):
Cardiac output (1/min) = 8.3 + 3.8 (602)
r = 0.94 S.E.M. = 1.34
The ,increase in peak 002 was accompanied by similar
Increases In cardiac output (14%) and arterio-venous oxygen
difference (13%). The submaximgl'arterio—venous oxygen
difference was not significantly different compared to the
apre-training value (Figure 20);
The post-tfaining increase Iin peak cardiac

4y

output was,associa&ed with similar increases in peak heart

ratg-(SZ)'aﬂu stroke volume (97, Tabie 3). Heart rate rose
" linearly with‘ihcre;sing ﬁoz to a ‘peak value of 200.6't_3.9
-Beats/qin.' the in;?éase_yas 40.2 seats/mih for a litré/min
1ncrease(1n VOZ’ ;ignificantly lower (ﬁ(leOl) comparéd to
the pre-training value of éfrbehtslmin, This reglationship

Il

was expressed by the following equation (Figure 27):

7

[
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Heart rafe (beats/min) = 71.1 + 40.2 (002)
‘r = Q.96 S.E.M. = 13,2 —
There was no change after training En the rise
In systolic bleood pressure with 1ncr$ts"kng \'102 A" the youap
subjects. This was 31.2 mmHg before¢ training and 31.1
mmHg (Figure 28). Similar values were also found at a
given submaximal @02 and at peak exercise; 190.2 + 2.3 omHg
before and 189.5 ;/4.6 mmHg after fraining (Figuré 6).
WVentilation at low exercise levels (up to 400

. [~
kpm/min) was similar before and after training (Flgure

24, However, as exercise progressed, the ventilatory

response to Increasing exercise was significantly lower

after training (p<0.05). was assoclated with a

glignif'fcant decrease in ¢t egsplratory exchange ratio
(p<0.05, Figure 25). A . !

In contpdst to the haemodynamic and ven:ilatoryﬁ\\

measurements, small cﬁanges were observed after training in
the peripheral muscle measures. At 60 rpnm power output,
%;tal work; plasma .lactate and the fatiguéiindex were not
‘sigunificantly different compéred to ;he_yre—ﬁralning values -

{(Figure 10 and Table 4§$3

At the higher pedalling frequencygfll0 rpm) the,

young subjects ,achieved a significantly higher tota}l. work
(8%, 15.7 + 0.73 kJ to 16.9 + 0.85 kJ). 7' This was
assoclated with a lower plasma lactate (142, p<$.05, 14.1 +

e
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0.85 mmoles/1l to 12.1 + 0.70 mmoles/1l, Figure 11 and Table
43, Maximal average power was unchanged after traiming.

However, the fatigue index decreased after tratning (71X,

62.8 + 1.68%Z to 58. 1.55%, RK0.05).
/),—1\

. \“) .

4.3.3 Comparisons of Post-Training Responses between

—

the Elderly and'Yougg Subﬁecta

Peak powef outpu' {F'the progressive exercise
test increased significantly in both groups aft;r training
amounting to 55% 1In the elderly anq 44%7 1in the young
subjects'(Table\i). ngk 60é also ifncreased in both groups
(387 1in the eiderly and 29%Z {in the yoqu) with no
significant difference betweea the two groups in the'’
relative change. -Thé fnecrease in peak 602 was accoﬁpawied
b&lan increase In peak éE?Hiac output in both groups. sThis
was particularly striking in the oider group Iin whom the
peak cardiac output'}ncregéed from 12.7 1/min pre*traininé
t§ 16.5 1/min after training, a 30Z increase, compared to atL
LAZﬁincrease 19 the young sgbjects (18.0’1im1n pre-tra}niné

té 20.5 1/min after training). Howver, the’ arterio-venous

_Jboxygen difference at maximal exercise increased only 6% in

the_elderly'and 13Z in the young subjects. Thus, the

elderly subjects increased their peék Qoz'largely‘by an

L

increase in péak cardiac cutput with 1es} of an Incdrease in

’ N . -
arterlo-venous oxygen difference.  1In contrast,fﬁbe
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increase in peak V02 in the young subjects was assoclated

wlth {ncreases In both peak\_cnrtiiac cutput and
arter{o-venous oxygen difference.

Heart rate and stroke volume at peak exercise
12$reaaed after training in both groups contribut}ng to the
Increase in peak cardiac output. The change in heart rate
was s;all, 7% in the elderly and 5% in the young with no
significant differences between the groups 1nqtﬁe relative
change. However, stroke volume increased considerablywmore
in the elderly amounting to 212X scompared éo a 9% increase
in the young ,subjects. Therefore, the ingreahe in peak
cardiac output 1in the elderly was accompanied by an
increase ,An st;oke'volume with less of .a change im heart

-

rate. In contrast, in the young subjects, Iincreases 1in

3
[

peak heart rate and stroke volume contributed to s similar

extént to the rise in peak Qardiac output after training.
During‘exe?cise, systoli;'blood pressure was

lower after training in the élderly wlth no chaﬁge in the

young subjects (Figure 28). This was associated with a

~

signlficant increase in vascular conductance {n the elderly -

A

both at peak'(p<0.001) and at submaximal exercise (p<0.01,

Figure 17); there was no change in the young subjects.

‘Submax;mal:heart rate decreased significantly

(p<Qmb1) in both groups after tr&iﬁing{m}séociated'with

-

aﬂf?r ase Iin submaximal stroke volume; this . was

~ —

-
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gignificant only in the old group {(p<0.01, Filgure 22).
The increase in submaximal stroke volume after training in
the Pderly restlted in a higher (p<0.05) submaximal
cardia utput (Figure 29). -In contrast, in t&; young,
submax;:::)atroke volume and cardiac output after training
wére not. significantly different compared to the
pre-training value. ﬁo significant changes were observed
in the submaximal arterio-venous oxygen difference after
training in either group (Figure 20).
fhe behaviour of the ventilatory response to
exercise was similar in both the elderly and young
;ubjects; no.change at low exercise levels {(up to 30C
kpn/min iqﬁold and 450 kpm/min in youﬁg), with =&
significant decrease &% exercisé progressed (p<0.05, Figure
24). This was associated with a fall (p<0.05) in the
resplratory exchange ratio in both groups (Figure 25).
During the 30-second maximal isokinectic
exercise, the older subjects achieved 75% of the powér
output- and total work attained by the young su;jects
(Figures 10 and 11, Table 4); 60 rpm: 478.2 + 17.6 W and
11.7 + 0.46 kJ in the old, 640.4 + 26.2 W'and 16.6 + 0.57
kJ in the &oqng respectively. I;e corresponding values at
110 rpm were 636.9 + 26.8 and 12.6 + 0.49 kJ in the old,
 854.2 + 52.2 W and 16.9 + 0.85 kJ in ghe young subjects.

Plasma lactate concentration decrbased at 110 rpm after
, ! |

J

LY
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training to a similar extent in both groups. However, at
60 rpm the fall in lactate was significant only 1in the
older group (Figure 10}; 9,0 t_O.&g;mmolesll before and 7.5
+ 0.43 mmoles/1 after training. éhe"corresponding values
in the young subjects were 12.8 + 0.73 mmoles/1 before and
11.9 + 0.57 after training. The fatigue Iindex was not
éignificgntly different iIn the two groups as was the case
at pre-test (Figures 10 and 11).
‘n
4.4 _ JSullary‘of Results

—'-.\
Before training, the peak VO, attained by the

older subjects was about 377 lower compared to the young
sdbjects. This was assoclated with a lower peak cardiac
output (29%) and arterio-venous oxygen difference (10%).

The lower cardiat output in the elderly was assoclated with
- N : -

a lower peak heart rate (16%) and stroke volume (16%).

.

The differences between the young and old in

peripherél nuscle function were similar in magnitude to the

I3

differences observed in the haemodynamice measures;. Both
-

—_—

power and total work  Were about 30% %ower in the elderly

compared to.the ‘young with similar decreases in the post~
exgrcise plasma lactate concentration. However, the
decline in power over %0 seconds of maximal cycling wai

similar in the two groups. Thus, no differences were

’
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observed in muscle fatigue between the young and older
group.

After ®he welve week high intensity training
program, physical work capacity increased markedly in both
groups; peak @gz increased about 382'1n the. elderly and 29%
in the young uith no differences in the reiatiye change.
However, differences were observed in the mechanisms
contributing to the increaaé in peak 002. In the elderly,
this was accompaniéd by an increase Iin cardiac output
(30Z) with less of an increase in arterio-venous oxygen
difference (6%). In contrast, Soth cardiac'output an
arterio-venous oxygen difference contributed equally to the g
increase in peak 602 in the young -subjects (approximately
14%). The meclanism for the increase in peak cardi#c'
output aftér‘fraining was also diffgrent in the two groups.
In the elderly, this was associated with a marked increase
in stroke VOI:;G (212%2) with a relafively small change in
peak heart "rate (7%). In.contraqt; in.tﬂe younélsdbjec;s,
both gtrokeAvqlume and heart‘raxe contributed ahgout equally
to the increase in peak cardiac ouﬁput #fter :f>\ning (92 ~
éng 5% réépgctiveiy), - ‘ ' .

Major differences were observed>betwgen'the

‘two groups in the submaximal response to exer 1ee afte
training; stroke volume and cardiac outp ere

significan:ly higher In the elderly, associated with -a
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marked 1increase Iin vascular conductance aand fall 1In
systolic blood pressure. There were no significant

-

changeg after training in these measurements 4n the young
group.

Tb In contrast, similar trainfing-induced
adaptationsloccurred at submaximal exercgise, iﬁ both
éroups; arterio-venous oxygen difference figﬁjignificant
change after training), heart rate, and the respiratory
exchange ratio (significant decreases after training) and
ventilation (significant decrease beyond the 1n1t1%i t wo
exercise levels).

When the post-training results in the oid were
compared to the pre—-training results in the young, many of
the differedces between the groups Wwere ndllonger evident,
with the exception of the consistently~lower peak heart
rate and higher~ arterial pressure in the old. )

In contradft to the changes in peak ﬁoz and
haemodynamic measures, the changes 1in periphefal muscle

function after training were small and of 'a similar

magnitude in both groups. The nly changes observédtwere

-an increase in total work, 13X in the_old and 8% 1in the.

young, ﬁith'decreases in plasma lactate and muscle fatigue
' ' ‘
-in both groups. . ,1

a

Wik



5. DISCUSSION ,
' -

5.1 Introduction

The work dedcribed in this thesis examipged the
training-gssociated changes in oxygen transport mechaniem;
and muscle function In healthy, sedentary 60 to 70 year old
males éhd compared these changes with tifose in a similar
group of 20 to 30 year olds. Many studies in the
literature have documented the structural and functional
changes associated with aging, but few stﬁdies have
exdnined the effects of high intensity endurance training
in improving the exercise capacity of elderly individuals.

The few studies qvailablevgn sedentary, elderly
subjects have reported conflicting findings particularly

‘éelated to.the extent of expected_iﬁprovemen: f{llowing
training. The‘diaparity‘in f{pdings may relate to.
differences in teating.pro?bcéls, intensity, format and
length of ra;hinﬁ and'the’iack of a direct comparison
group of.ybung shbjeccs;with ; gsimilar level.of fitness who
undertook-tﬁe saﬁe.trainigé program; The latter issue {is
particﬁlarly important both in terms of.comfariqdns on the

ctrainability of elderly individuals and in comparisons of

152
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diffefences in the mechanisms likely to contribute to any
trefing-associated changes.

A common practice in the literature 1is to use
cross comparisons of results In young subjects reported 1in
other studies. Such compériaons have many limitations as
often ‘the testing procedures, intensity of training and the
init{al level of fitness of the subjects atre different
among the young and el&erly. We have approached these
problgma in two ways. firatly, we examined the decline in
exercise capacity inm a cross-sectional study of 100 healthy
males an@ females 15 to 70 years of age; This study
served as the background for thé tralning study that 1is
the subject of this thesis; it allowed us to examine
whether the two groups of elderly and }oung subjects were

representative of a larger population and whether they were

comparable in terms of their initial fitness level.

/

Secondly, we ‘compared the exercise responses of two groups

of elderly and young subjects before and after the gahe

training program at the gsame relative intensity.

~

Before discussiang the physiological

~

implications o our findings, some/ﬁZ?hodological
co*@iderations relating to the study design, the
‘representativeness of the subjects and the nethods‘of_‘

meagurement will be dihc;sged. . '
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5.2 Methodological Considerations

5.2.1. Design of Study

In comparative studies of exercise and aging, a
number of factors need to be ‘considered in the study
deslign. Firstly, it s 1mpor£ant that the older
individuals are free of éardiovascular or other disease so
differences in exerclise capacity -can be attributed to aging
and not to pathology. ‘The sqh}ects wha participated in
this&mtudy were on no medication and they were free of
known cardiovascular or othér diseases, except for minpr

»
arthritic changes in their joints.

»

Secondly, the issue of cross-sectional versus
longitudinal data needs to be addressed. Cross-sectional
investigations have one main limitation: the,aaaumpﬁidn'
that the older subjects vere ﬁimilar in yoﬁth to the young

~8subjects studied. Longitudinal studies are preferable as

the same subjects are followed over a period of time.

-

methodological and financial_iimications. The

-

representativeness of the btudy population {s another
concern, pnriicularly ia longitudinal investigations, as

usually it is the more fit andlphysiciily active subjects

who wélddbeer for long~term studies of this nature.

+

. 3 :
Howe , in studies of aging, the period of follow-up needs
to ::isg‘gnded over many years, which imposes both
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The present {investigation employed a
cross-sectiongl design. Therefore, 1t 18 subject to the
liﬁitations 1mpoagd by this type of investigation; the
oldfr healthy group of shbjecta were recruit;d from a
total of approwximately 110 older maies who responded to
the call for subjects and-they may be a select subset of
the.population: as the evalence of coronary heart disease
and other path;logies increases in older populations. Asg
reported by the Canada Fitngas rvey (Fitﬁesa and Aéing
1982) 51X of the 55-64 year old participants and 67X of
participants 65 years and over were 1neligibfe for the
survey for health reeasons. Thus, not only 1in our study,
but in other studies of exercise and agink, older subjects
who fulfi1ill the health cri;erion (all of our subjects)
comprise only about 35 to 45%Z of the éeneral,elderiy
population. Furtherqore, it is iméhssible to rule out
genetic and environmental differences between the two
groupes; ve.have ﬁo way of knowing how similar the older
subjects ;ere iqlxheir youth to the young subjects studied.

I

5.2.2 :leprelentntlvene-s of Study Samples

3

In this section, comparisons of the
_répresgntativeness of the samp1e§ psed in both the
crogs-sectiongl and training studies will be discussed.

Pirétly;.the decline in exercise capacity with aging

(S
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obaerved 1in the background cross-sectional atudy will be
compared with similar stiudies reported in the literature.
This will.establiah similarities or differences in our
findings with those reported in the literature. Secondly,
relevant pre-training findings in exercise capacity and
subject characteristics in the training study will be
compared tolrelevaqt findings In the background
cross—aectignal study: Other. comparisons 1in subject

characteristics will also be outlined wheré approprilate. {

5.2.2.1 Findings of the Background Cross—Sectionﬁl
—
Study

Based on the results of "this study, the
predicted peak ﬁOz of a 65 year old 18 26.4 ml/kg/min and
that of a 25 yeaf old 15 44.0 ml/kg/min (Jones et al,
1985, Appendix 1). Thesé values qre-pompatable to valueg
reported in the'literature'using 1argei{;aqples;.behn ‘and
Bfuce (1972) reviéwved 17 cross-secthonal Béuﬁiea in
‘treadmill éxerciee.(about 700 observations) fo derive.the
foilbwing equ;tion:"bozmax.(mllkglmin),- 57 - J>%O
(year). Based on this equatioﬁ, éhe predicted peir @02 of
a ES-year-qﬂd m#le-is 31.0 ml/kg/min. Considering the
fact that irqunill exercise }ields peak ﬁozlﬁhines about
102 higher conpared to cycliug exercise, our r?gﬁltd are

comparable with those of Dehn and Bruce (}972).

1

> e
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P In the population study of Chiang et al (1970)
conmprising 1@W#4 healthy males (about‘SOi of the total
eligible population in Tecumseh, Michigan), the mean peak
V04 (vreadmill?zxerciee) of a 65-year-old male was 21.8
ml/kg/min, about 10X to 15% lower compared to our values.
This may be due at leasp in part to their;exercise protocol
which did not allow tpe sub jects to ;xerciae to their
synptom-limited maximum; an upper limit in heart rate of
160 beats/min was imposed in subjects 40 years and older.

" The thost recent cross-sectional population
study was that of Vogel et al (1986) in P514 U.s. army
soldiers, 17 to 55 years of age. Mean peak 002 values af
about 50 ml/kg/min were .reported (treadmill exercise) in

males 1in their 20s, about 13X higher compared to the mean

value of the 20-year-olds in our cross-sectional study.

No subfjects over 55 years were included in the Vogel et a

60-year-0ld male; 17X higher compared tb the mean value in
our 60-year-olds. Houever; our findings are comparable if

one,éonsidefs,differeﬂces'in tésting protocols (treadmill
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versus cycle) and differences in subjects (soldlers versus
community~dwelling individuals). ;

Furthermore, the mean annual rate of decline
in peak @02 based our study was 0.;4 ml/kg/min, which
1s similar ??\fﬁ:AST;ual rate of decline reporied in a
.number of cross-sectional studies (Table 1, Chapter 1).
For these reasons, we ﬁeel.justified in using the results
of our cross-sectional study as a baseline for comparison
with the 1n1t1e1 findings of the present sample of young

and elderly subjects.
k)

>

5.2.2.11 Initial Findings of the Trainihg Study

The.subjects who participated In the pre;ent
study wefe recruitqd from the same geneﬁﬁi-populat on as
the subjects ln‘the larger cross-sectional study, and were
':tedted using the same experimental protocol (Appendices 1
and 2). The valueu attained by tﬁe Bedentafy'ﬁales in the
present study wvere 22.0 ml/kg/min in the elderly, 832 of
the predicted mean peak VOz, and 36.0 nl/kg/min in the
young, 82Z of the predlcted mean peak VOz.‘ Therefore, in
terms of th@‘initial level of fitness,zthe young and
elderly subjects were conpatable, with peak VOz values An
the low range of normal consistent with their sedentary

. o

o:cupetions_ane liﬁestyles. P

-
-
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The measurements of muscle function ohtained ih
the ﬁresent etudy were not eignificantly different compared
to the values obtained in the crgﬁg—aectional atudy; total
work duking 30 gseconds of maximal cyéling was 17.4 kJ at
age 25 'and 11.9 kJ at age 5. In the present study, the
mean leues for the 20-30 and 60- 70 year old groups were
16f6 kJ and 11.9 kJ respectively. These findings indicate
that both groups of elderly and young subjects were
éomparable iﬁ;terms of muscle;funcfion and ﬁere
represéntaéive.of the larger population tested in the
cross—secé.ionQI study. : ;
| Compareﬁ to the general population, the
subjects' body weight 1£ re1a£100~to their keight*wgp
within 5% in the old (23.3 kg compared to 77.4 kg)'a"ﬁ‘d 57

in the /young (71 kg compared to 73.9 kg, Fitness and

9

Lifestyle in -Canada, 1983). Their vital-capacity,,relativeA

to height and age, was similaf to prediéted normal values

™

reported in the literature; 4.032 + 0.464 (old), 5.335 +

0.585 (young), compared to predicted normal values of
' [y

3.568ﬁ£pd 5.173 respéctively'(?oldman and Becklake, 1959);

Thug both groups had similar body size characteristics to

w s Y

the general population.

Another fsgue hat needs to be addreesed in

this s@ction 1s the use of peak V0, as reptesentative of

the subject's maximal exercise capacicy. Ihe conventional

T
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definition of 002q3x is the attainment of a plateau beyond
which theﬁe 1i8 no further Iincrease Iin oxyygen intake,
despite futther increuse in workload (Chapter 1). As
discussed in Chapter 3, a plateau 1in 602 was not a
requirement in the present -study; our valuea represent the
peak 002 attained at maximal exercise, defined as the
inability to maintain the required pedalling frequency,
despite maximal effont. Although this criterion may be
criticized as being too suqugtive, the pre-traininé peak
ﬁoi values attained by the 60-70 year old snbjecta in this
study were similar to the prejaraining values reported by
Seals et al (1984) in an age-comparable population; 22.0 ﬁ
‘3.8 ml/kg/min in our elderly ma\iects compared to 25.4 +
4.6 ml/kg/min in the a?pﬁe study. ,
‘ The Seals et al (1984) study 1is particularly

relevant for-comperiaon with the present stuoy as the age

of the subdjects ﬁae conpareble, hut.oartiEularly because in

the Seals et al study, 3trict'cr1terin ue;e used for the
definitibn of,ﬁozmax; attainment of plateau in ﬁ02, blood
‘*—’“1actate of ;t least 8 amoles/1, reapiratory %xchange ratio
. greater thaﬁ‘%.lS and attainment of age-predictedépaximal
/htnrt rate.= At leaet three of these crlteria hid to be
‘_present for the definition of VOzmax in the Seals et al

study. -Our suhjects were seﬂep;ary for a number of years.

prior- to adnission tg the stnay and their low peak VOz

r
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values reflect this. There 18 no information on levels of
habitual physical activity for the subjects in the study by
Seals et al (1984). A mean peak VOp of 22.0 ml/kg/min was
reported by Chiang et al (1970) in sedentary 65 year olds
and 31.0 ml/kg/win in a mixed sample of active and fnactive
subjects of the same age (Dehn and Bruce,\1972). Thus
differences in the level of habitual physical activity may
contribute‘to the_differences between the Seals et 41
(1981{'and thelpresent ;tudy.

.Furthermore, our elderly aubjects.achieved a
mean peak heart rate of 161 beats/min, “h&ﬁb is well within
the predicted mean maximal heart rate of 168 beats/min
based on the commonly used equation of 210 - 0.65 (age).
In our young subjectp, mean péak heart fate was 192
beats/min, which ‘compares favourably with the predicted
mean maximal heart rate of 194 b‘eatslm'i_n based t;n‘:“;l:he
above equation. The.peak heﬁrt rate yalues aﬁhieved‘bf

our subjects ,were also well within values reported by

others; Seals\et al (1984) and Saltin et al (1969) reported

.maximal values of about 174 b/min in 61-67 yéar 0ld (mean

63) and 50—65 xeérkold males (mean 55). These values are"

within 102 of the peak walues attained by our 60-70 year
. : g

old,subjeqté. In both the §ehls and Saltin "Btudies,

naxiﬁal exercise was defined according to‘wgll established

criteria, such as the levelling-off criterion 'in éOznax

r

.
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(Saltin et al, 1969) and criteria as outlined above for
the Seasls et al (1984) study. For these reasons, we feel
that although attainmént of the conventional criteria for a
VOomax plateau were not required in the present study, the
V09 values attained by our subjecth at peak exercise were

the subjects’ maximal values.

5-.2.3 Cardiac -Output

We deterhined cardiéc output indirectly using
the CO7 rebreathing method for the-meaaurement of PVCO2
from which cardiac.output was defived by the indirect Fick N

principle, as described in the Methods and Procedures
chaptgr. Cardiac output valﬁes calculated using this
method are comparable to those of the dye dilhtion
technique (3onea et 51, 1967) and direct Fick method
{Reybrouck et al, 1978).
The equation fexptnassiﬁg ‘the qardieic

.output—oxygen i?5§ke'relatidnahip in our f;:;;_;ubjects_
(bteftfaining).was:' ) . |
Q (1/win = 6.6 + 4.7 VO3p)
uThe parameters of this equation tare compar;ble,nith thosg
r;ﬁbrted in- the 11teracﬁr%; Donald et al, 1955 (direct
Fick method): é (llmih) = 5.04_+15.3.(5025, mean age 31
y;ara; Paﬁlknér et al, 1977 (CO02 rebreathing method): Vﬁ

(t/min) = 5.21 + 552'(602); meaﬁ age 36 years. The highef/
1

'
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intercept in the present study (6.6 1/min) 18 likely due

* ar
to the fact that only exercise cardiac ocutput values were

i
{ncluded. 1In the above studies, both resting and exercise
values were included in the calculation of the regression
equations. 1f we use a theoretical VOy of 1.5 and 2.5
1/min, the predicted cardiac output according to our
gquation ia {3.7 and 18.4 1/min reapectivel&. The
'COrresponding values ba;ed on thg above equations are 13.0 .
and 18.3 1/min (Donald et al, 1955) and 13.0 and 18.2

1/min (Faulkner et al, 1977). Thus our results are

comparable to those reported in the literature.

d The equatiopn expressing the cardiac -~
output-oiygen intake relationshipcgg our elderly subjects
(pre-training) wa

(1/min) - 4.5 4 5.4 (V0y)
The parametefs of this equation are comparable with.thosg

rieported in the literature; Granath et al, 1964 (direct

Fick metheod): 6 (ﬂ?min) = 3.21 + 5.2-(ﬁ02), mean age 71

years. At a theéoretical QOZ of 1.0 and 2.0 llﬁin the
predicted cardiac output according to our equation is 9.9‘
and 15.3 1l/amin respectiQely. The correspondihg'values
based on the Qbové equation are 8.4 and 13.6 llmin.(Gﬁanatq .
et al, 1964).‘ These differences may be q}plgfned by the
facr"that Granath et-alo(1964) inc1uded reéting cardiac

output values, whereas only exercise values were included
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in the present study. Furthermore, diffeéences in the age
of the subjecte would contribute to differences 1in the
results; we tested subjects 60 to 70 years of age, mean
age 65 years. The sBubjects of Granath et al (1964) were
61 to 83 years (mean age 76 years). Since age has been
shown to affect the intercept of the cardiac output=-oxygen
intake relationship (Faulkner et al, 1977), the cardiac
output values obtained by Granath et al (1964) would be
expected to be lower compared to our values, as their
subjectsﬁwere on the average 10 years older. -

The peak cardiac ouvtput, both at pre—- and
pogt-tr#ining, was estimated for each subject from
submaximal va}ues during incremental progressive exercise.
Based on the ;gsidual plotas anslysis, as‘described'in
Chapter 3, a linear relationship was found between cardiac
output and Biygen %ntake, therefore we felt justified/to
extrapolate the cardiac output value at peak ﬁqz. The

gxtrapolation‘extgn&ed commonly over only one exercise
level and in_%nfy two cases did it extend over more1than
twvo exercise 1eve15._ The ﬁean number of c#rdiac output
measurements avﬁilable for each subject was 4;6 in the old
and 5.3 in'the'young group.

} 1 In thﬁ follo;}ng sections Mo chis-;hapthr, the

- - s
main pre-training Aiffaranmree fn the exercdce regnponses of

the old .and young sudb jects, and the mechanisms that maf



165
contribute to any such differences will be discuased. This
will be followed by a discussion of the training-associated
adaptations in the exercise responses of the twd groups to
ldentify any differences in the mechanisws that may

contribute to any such adaptetions.

5.3 Pre-Training Exercise Responses in 01ld and

Yogng

5.3.1 The Maximal Oxygen Intake

The maximai oxygen 1ntaké in healthy subjects
is used to define the fqnctit:na; limite of the
cardiovaaculgr system and is influenced by the ma£1m31

cardiac output (dmax) and the maximal arterio-venous

oxygen ((a-V) 02) difference .as related in the Fick

-

equation (Chapter 1):
o

ﬁOzmax = Qmax x (a-9) 02 diff. Equatian 3

The maximal cardiac output (émax) is influenced

by the maximal heart rate (f.max) and strokg‘volume (Vgmax)
1 - 5 |
as' expressed by 'the following equation:

. &
Qmax = fcma;)x Vgmax Equation 2

-

Therefore, eﬁ;ation 3 can be expressed as:
W
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GOgmax = feomax x Vgmax x (a-v)0p diff Equatf;h\9

The reclprocal of resistance expresses the
vascular conductance (g) in the p%fiﬁheral circulation and
can be expressed as the ratioc of ardiac output to mean

arterial pressure (Pp) (Chapter 3):

g {(1/min/mmHg) = f]/Pa Equation 8

The above equations illustrate two points: that maximal
e}ercise capaé}fy as &efined by the QOZmai is 1nf1uenqed.
by a number of central and peripheral factors; and that 1t
.1s'the interplay and integr%tion between ' them that may
ultimately define. the physical capabilities of an
indivihuaL. Each of these factors is affected by aging
changes, both structural and functional. -The'discussion of
the functional changes gflll be the subject of the
suhﬁequent secf;ons. The structur:f"ihanges will be
discussed briefly, when needed to clarify differences 1in
the me;ﬁanisms Affecting exercise performance.

I
) The equations given above'wi{k be used
throughout this chapter.to:examiqe the relative
contribuFion; and 1nt§rrelaE?Bpaﬁépq hﬁtwg;n'a ﬁﬁmber of
factors éffecting maximal exercise capacity as defined by 
© the pb;k#oxygen intake. ' o

L

L]
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5.3.2 " Pre—Training Cardiac Qutput, Heart Rate and

. Stroke Volume

Applying equation 3 to the data in the two

groups at peak exerclse we have:

for the old: 1.60 (1/min) = 12.7 (1/min) x 126%5 (ml1/1)

for the young:, 2.54 (1/mfn) = 18.0 (1/min) x 1460.4 (ml/1)

This comparison indicates that the 37% lower peak V0y in
hY

the elderly was associated with a lower peak cardiac output

(29%) and a lower arterio-venous oxygen difference (10Z).

To analyze the differences in the determinants of the

maximal cardiac output, the data applied to equation 2

show: )

o g —
for the ofld: 12.7 (1/min) = 161 (beats/min) x 78.9 (ml)
for the jeung: 18.0 (1/min) = 192 (beats/min) x 93.9 (ml)

Thig-indicgteé that the lower peak cardiac output in {Qi:

elderly was associated.with a lower peak heart rate (16%)

and stroke volume (16%).

¥

5.3;2.1 Pre-Trainlné Differences in Cardiac Omtput

The rise in cardiac output with fncreasing V0,
wvas similar in the old and young subjecfs (5.4 1/min in the

eldefly and 4.7 1/min {in the'young). However, the

intercept of thii relationship was lower in the elderly
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(p<0.05). These findinge are in ogreement with Strandell
{1964) and Faulkner et al (1977). Thus at a given 602,
cardlac output was lower (p<0.05) in the elderly, as was

the case at peak exercise. Faulkner et al (1977) examined

the cardiac outpue-oxygen intake relationship in males 17

to 71 yeers of‘age and found no significant differences in

the slope of this relationship. However, the 1nﬂ§rcept was
lower (p(O 05). 1in 50 to 71 year old compared to 20 to 30
year old subjects (Faulkner et al, 1977). Strandell (1964)
reported that the lower intercept in the elderly resulted

'in a lower cardiae output, (about 1.5 1/min) at ‘a given
‘level &t oxygen 1intake. Since heart rate at a given 602
was higher (p<0.001) in the elderly, their lower cardiac
///—output may be attributable to decreases in stroke volume,

d/: as will be discussed later in thig section. .

2 T

_ } Our‘findings are in general agreement with
others, as reviewed in Chapter\i, wvhich showed a 25% th
3Q} deefease'ihrpeek cardiac output between 25 and 65
”yeare. However; they arerﬁot in'agreeqent with the.
_findings of Rodeheffer et ;1 (198&) and Gerstenblith et

L3

al (1987) who reported no age-related differencee in
regting, . sub;aximal or: peak cardiac out;ut in participants
of the Baltimore Longitudinal Study on Aging (B.L.S.A.).

In this stqdy, bath eubmaxime; and peak,cardiac optput

were maintained \at levels not significantly different from
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Luose of younger subjects./ This was achieved largely by

increases in atroke volume, associated with a greater
increase Iin end~diastolic volume.

The differences between the B.L.S5.A. and our

finding; may be explaineduby differences {in subject

selection and assignment to young and older groups. The
4 Y 3

B.L.;\i;/}ub}ects were healthy, highly wmotivated and

physically activeomaleﬁ{who have been tested rgpeatedly
over a number of years.. Our subjects were also healthy
and highly motivated, but were sedentary for a.;BE%er of
years. In fact theAlatter was an admission requirement to
the study. ?urthe;more, in the B.L.S.A., the young group
ﬁynsisted of subjects 25 to 44 years; the middle-aged
group was 45 to 64 yea::T\tnd~the old group was 65 to 80
years (mean age fo:%iijge groups was not given): Therefore

-

there 1s a tendenéy Yn the B.L.S.A. towards a bias in

favour of over 45 yégr‘old sudb jects which'may mask

differences between young and eldefly subjects. In
_contrast, we had:a much clearer distinction between the
tvo group;; }oung sub jects in their 208 and older sub jects
-in their 60s. - ,

| ‘ Thg‘pxl"g-,-train_iong' differenf:es in the

determinants of cardiac output, heart rate and stroke

voluhe'will be the subject of the following sections-

»
L

/o

i
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P

5.3.2.11 Pre—~Training Differences in Heart Rate

~
Since the early work of Robinson in 1938, a

number of investigators have documented the decline in peak
heart rate with increasing age. The decrease is in the
order of 15 to 20% and {8 a consistent finding in studies
of both sedentary individ;als“(Van Brummelen et al, 1981;
Jones et al, 1985; Julius e£ al, 1967;ﬁﬁoasack et al,
1980; Rodeheffer et al, 1984).and master athletes (Hagberg
et al,*1985; Ekelund';nd Holmgren, 1967; Ekblom and
Hermansen, 1968). The fact that peak "henrt rate decreases
with inc%easing age gﬁ an undisputed phenomenon . observed
in many studies, despite dif}erences in subjects and

testing protocols. What 1is disputed are the mechanisms

that may contribuge to this age—related decrease which

e
* - . -

will be discussed below. ’
. .

5.3.2.111 Decline in fntrinuic Sinoatrial Frequency
Blockade of cardiac autonomic nervous acfivity

by intravenou injection of propranolol (used to block

sympathetic eW&imuli) ahtd atropine (used to block )

/ _ . ‘
parasympathetic stimulil) showed that the intrinsic heart

———,

rate (I.H.R.) declines with increasing age (Jose et 

al, 1970). In healthy.ybdkg adults, 20-30.§ears,of age,
‘the average I.H.R. was 104.4 + 7.4 Pehtslmin, with a
progressife decline to 92.4 + 9.0 beats/min by the.age of

. . .
45 to 55 years (Jose, 1966).° Intrinsic heart rate was
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reporteod to decrease by 0.53 beats/min per year as

expresged by the following equation (Jose, 1966):
.
I.H.R. = 1172.2 - 0.53 (age)

1

According to this equation, the I.H.R. of a 70 year old is
prgdicted to be 80 beats/min, a decrease of about 23X from

the age of 25 years, which 1e similar to the décreaﬁe 16

L

peak heart rate with increasing age. Application of the

above equation to the elderly and young subjects in the

present atuhy reveals an average I.H.R. of gabout B3
" .

beats/min. and 104 beats/min respectively; a difference of

about 202, which is similar to the 16X difference observed

in the two groups at peak exercise. -

5.3.2.1v ‘Response of Beta Adrenergic Receptors

The maximal \hEI!rt rate response ;o
iaopro:erenél ({ syppgthom;mepic Qrdgl was. found to be
about 15% lower 1n'§1d {(10-12 anra) coqpare§4to young (1-4
years) dogs (Yiﬁ et al, 1979). FuftHermore,_bo;h young and
old animals responded-gqyélly to electricglfylinduced

atrial pacinghhi a rate twice the maximal evoked by

.. isoproterenol. Thus .a ﬁecreadehin the reapbn&e of~ |

-paceBgf;r cells to electrical stimulation was ruled out:

(Yin et al, 1979). Van Brummelen et al (1981) reported v .

similar results in males over 50 yeafs and uwder 25 years
- : . T P
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of age. An attenuated heart rate response was found ﬁfth
progressively higher dosecs of inifavenous iscproterenol in
the o{;er compared to the young zubjects. In this atudy,
the dose of lsoproterenol required to produce an {ncrease
fn heart rate of 25 beats/min was significantly higher in
the older compared to® the young subjects. Tafse findings
suggest that a d;minished beta-adrenergic response to
catecholamines may coétribute towarﬁs the fall in peak
heért rate with increasing age.

—
5.3.2.v'. Other Age-Related Changes

Inhalation of ga;,with a low POy (40mmHg)
resulted in an increase in heart rate of 34% in-the young
and only 11%Z in older subjects (Kronenberg and Drage,
}973). ‘In the same study, an increase in PaCly to 55 mmHg
vas aﬁagciated with a 15! increase in heﬁrt rate in the

L;u_ young with no heart rate changg#‘in the older.grOup,
auggéhting a blunted chemoreceptdr activitﬁ'ﬁith advancinlf

3

F- B ) ' .-
A progress;fe increase in fat and connective

n .

tissue- in aging cardiac pacemaker cells has been repoqteﬁ

(Sell and Scully, 1965; Lev, 1954). The duration of

afdfaiac mupﬁl contraction aﬁd félaxatlon is 15-20% loﬁge;

iq.old'(zé -1nop£hs)'con33red tolyoung rats 6-13 months

:(Lakntta-ef al; 19?5; Heigfgl&bwét al,xéfll). - Thii\vaé
\

s o . e

7
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associated with a prolongatton of calcium activation of\&ﬁe
myofibrilse and 1ts slower uptake by &the snrcoplasﬁic

reticulum. = These changes may iimib the ~capacity of aging

e :
pacemaker cells to fancrease their rate of firing so at an
upper limit may be reached earltier, contributing\;tigiigwer

peak heart rate.

° In summary; 1t is clear that there 1s not one

single mechanism contributing to the decline in peak heart
rate with 1ncre;§1ng age, but rathe; a multitude of
factors. The available evidence wéighs.fowards a
diminighed beta-adrenergic rea%onae asja.major contributing
factor to the age-related -changes 1in peak _heart rate.
- Other chéngﬁ%, as discussed above, will likely contribute,
but perhaps toAa‘lesser extent.

i ‘ :
5.3.2.v4 Pre-Training Differences in Stroke Volume

_Peak stroke volume, in both groups, was

reached %ﬁ about 55-60% of peak 602 and was 88.2 + 4.7 ml~
¥ .

in the elderly and 99.6 +.4.3- w1l in the young subjecfb. a

difference o _ 11X. At peak eiercise, the calculated
: - . ‘ : e
stroke-vglume in thé elderly was 78.9 + 3.5 ml compared to

93.9 +:3.9 ml it the young subjecté, a difference of about
162 (p<0.001, Table 3). ' ' .
Our findi&gs.are in ag{femént with others

(Granath et al, 1964; Astrand, 1967; Julifus et al, 1967;

Vv

~
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Hossack and Bruce, 1982). A decline 1in pe@a stroke volume

of 0.36 ml/year was observed by Hossack et al (1980); abhout

a 132 decline over the age range 25-65 years, which s

[
gimilar to the 16% difference observed {n the present

atudy. A number of age-related changes in the mechanisma
]

that regulate stroke volume may contribute to the decrease
. =

— 5

{n stroke volume ohserved in ,the elderly subjects;

5.3.2.vid Myocardial Contractility

An attenuated inotroplc responee to
catecholamines was obsgserved in isolated heaFts of senescent
rats {25 months) coTpared to middle-aged (12 months) and
young adult rats (6 months, Lakatta et al, 1975). The

\\maximal rate of tendlion development (dT/dt) to both single

21
and cumulative doses of norepinephrine was significantly

less 1In the aged myocardium than in the myocardium of the

middle-aged and young groups. Peak active isometric

-

tengion increased in the young and middle—aged groups but
did not chadge significantly from the baseline value in the

-

’ - - s
old group at any norepiqephrine concentration. A similar

pattern was observed in response to isoproterenol; 'dT/dt

increased more and active teﬁsion was greater {n the
young compared to the old group. These findings suggest &’

decrease in myocardial contractility with increasing age.

- A likefly mechanism for this 1is a decreased
) _ )

-
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ability of catecholamines to {ncrease the 1ntrace1iular
calcium available for contraction. This hypothesis was
cxamined by Lakatta'E?wgl (1975) by observing the inotropic
regsponse tq\increasing concentrations of calcium; there was
no age difference 1n‘the'1n;rease in déveloped tenslion or
maximal rate of tension defelopmen;i which suggests that
:h3=§ﬁfff?;_;fﬂxhe agéé\myocardium to respond to increased

" .

caléfum. 1sa 1nfact.r

The diminished fnotropic response of the aged
myocardium appears t@”ﬁﬁ@ur despite augmented plasma
noreptnephfine levels with lacreasing age (Fleg et al,
1985} Palwer et al, 1978). Plasma horépinephring,
epinephrine, and ﬁoz were‘measu;ed at rééc and during
progreséive incremental treadmill exercisé in three groups
of young (25-37 years), middle;aged (44-55 yea;s) and old

(68-77 years) healthy males (Fleg et al, 1985) . Plasgma

gnorepinephrihe was not age-related at rest, but epinephrine

was significantly higher in thﬁ 0ld compared to tle young

_\‘h;‘;:;i’:Ljdleﬂaged groups. At peak exercise, both piasﬁa'
repinephrihe and epinephrine were significantly higher
4

i

[

in the elderly.compnred to the younger subjects. This was.

‘algso observed during submaximal exercise and at a given

percent of'peak‘GOZ (Fleg et al, 1985).
Plasma catecholamines may not necessarily

reflect the magnitude of EBteqholamine‘{eiease at the nerve -’

== N

.
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terminales but may also reflect their clearance rate, which

has been reported to decrease with {ncreasing age (Esler et
al, 1981). Whatever the cause, plasma catecholamines

appear to be higher in the elderly associated with a

decrease in peak heart rate and myocardiél contractilicty.

Thus a diminished responsiveness to catecholamines may be a

-
-

likely mechaniém.

If ihts 1s ghe case, a diminieshed
responsiveness to catecholamines in elderly subjects may
result in a decrease in myocardial con;ractility,ﬁ£$

/
increase 1in end-systolic volume, a decrease {in ejection

fraction, and a decrease in Btroké volume. Gerstenblith et
al (1987) assessed ventricular function via gated
radionuclide anglography during exercise (cycle ergometry)
in young and .elderly heal&hyw physically active subljects
(25-44 years, 45-64 years and 65-B0 years) who were.

- 1

participants in the Baltimore Longitudinal Study on
N

Agingf Neither stroke volume, nor cardiac output were
found to be age~related. However, they observed a.faiiure
of the end-systolic volu;e to decrease during exercigse in
the elderly to the same extent as in younger subjects,
which reaulted in less of an increase 1in the gjec£1on
fr;ction of the‘élderly. Furthermore, the increase in

exercise stroke volume 1in. thelr elderly subjects wvas

-achieved by a greater Iincrease in end-diastolic volunme
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rather than a greatev decrease in end-systolic volume as
was the case Iin the younger subjects. ' These findings
suggeét a greaterpreliance on thé”Starling mechanism Iin the
elderly as a cempensatory mechanisﬁ for diminished

myocardial contractility.

5.3.2.vitt Cytologiﬁal Changes imn the Myocardiam
- | There appears to be én age-related increase in
the amount of connective tissue within the myocardium.
assoclated with'diminished myocarqial comﬁliance (Wilens
“and Sproul, 1988; Tomanek et al, 1972; Gerstenblith-et
al,il976). Pathological examinétion of the hearts of 48%

r L]

rats main;ained oh édequaﬁe diéf§ and under c&nstant
1aboratory{;odd{tions over chei; entire life span revealed .
myocardial fibroelis in 602 of the animals. The fibrotic
o lesion was evident at about the 400th day of,lifé (about
32 }e;rs of human 1life) and became more marked with
advancing aggijilens and Sproq}, 1%38). . _Tomanek ;t al
(1972) reported 1ncreases'in connective tissue in the
hearts of old (22 months) compared to young (6 months)
rats. ' This was particularly evident at the attachments of
the tricuspid an& mitral valves and in:the kegion of the
atrioventricular bundle. These changes were similar in
extent Iin both exercised (12 weeks treadmill running) and

-

non-exercised young and old rats:{Tomanek et al, 19%72).

’
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~~r

Echocardiographic examination at rest 1in 105
healthy males 25 to 84 ‘years of age revealed decreased left
ventritular filltog rate with 1méreaéing age (Gerstenbllth

et al, 1977). This was based on the decreased rate of

.closure of the ﬁicral valve which 18 comsidered .to be

parly‘éiastole (Zaky et al, 1968). The deﬁreaaéd rate of
élosure of the mitral vélve may result from age—aaﬁdcinted
sclerosis and thickening of valve leaflets as reported bj
Sell and Scully (1965). Diminished earfy diastolic filling
rate may also result from fncreased left ventricular
stiffness (Templeton et al, 1975). &re@ter ventricular
wall thlckness as Well as age—associated'alterationé_in the
amount of collége;.and fibrous tissue in aged myocardlum,
ags discussed previously, may also ;ontribute to increased
ventricular stiffness aﬁd decreased ventrgcular compliance~
Thus dim}pished left ventricular filling rate ma; be the
result of age-assoclated changes in the mitral valve.éndcpr
changes assoclated with myocardi@l'complianc%. These

changes suggest increased resiataqfe to fi1lling of the

heart.

Y

3

However, déspite these changes, end-diastolic
volume does not appear _to be comgromiéed as shown by
Rodeheffer et al (1984) and Gerstenblith et al (1987) 1in

healthy, physically active males.

-
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Tn gummary, the lower peak heart rate in the

elderly subjects together with their lower stroke volume
A}
result Iin a fall In cardiac output at peak exercise which

will affect the capacity of these elderly subjects to do

L

maximal physical work. The avalilable evidence weglghs

toward diminished beta adrenoreceptor responsiveness as a
i

major contributing Ffactor to the decrease 1n peak heart
rate and stroke volume. Structural changes 1in the
myocardium will alseo contribute by decreasing myocardial

" compliance and increasing the resistance to filling of the
af .

heart. . However, it would appear that in healthy,

4

physically active elderly, stroke volume can be maintained,

by~ increases 1in diastolic filling time a4nd end-diastolic

'4‘;;:;}WGT Thus 1ncfeaseg;diastolic filling time may be a
i
essary compensatory mechanlsem for decreased ventricular
compliance. -
. N
' /

5.3.3 Pre—Training Differences in Mean Arterial

Pfessure

A major difference between the two éroups was
in mean arterial pressure, which was higher in the elderly
at dll levels of exercise (p{0.0l). At peak exercise, this
vas 131.1 + 3.4 pmHg in the'elderly and 113.8 + 2.2 mmHg in
the young (p<0.001). The rise tn systolic blood pressure
for a given increase 1E“602 {Figure 29) was higher in the

elderly (p<0.00l1); 44 mmHg codpared to 31 mmHg 1in the
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young, asgociated with a diminished ability to {increase
.vascular conduétance during exercis; (Figure 17). The
higﬁer systolic blood pressure f{n the elderly 1Ls nr
- congistent finding in studies o Goth sedentary and trafined
i{ndividuals (Strandell, 1964; Hanson et al, 1565; Granath

et al, 1964; Julius et al, 1967; Hagberg et al, 1985; Jones,

et al, 1985).

Major mechanisms likely to contribute to the
increased arterial pressure in the ‘elderly will be

L4 2

discussed below.

5.3.3.1 Structural Changes in the Arterial Wall

A decrease in aortic compliance with {ncreasing
age was reported by a number of investigators (Roy, 1952;
Roach and- Burton, 1959; Learoyd and Taylor, 1966; Bader,
1967) -and ‘18 believed to be at least pa;;ly explained by a
relative loss of elastin and an #hcrease in collagen 1in
the aging arterial wall. Urschell et al (1968) substituted
a stiff tube for the aorta in dogs, while heart rate Qas
maintgine&*aé a constant rate; they obeerved higher aortic

systolde ﬁressure and end—dagstolic left ventricular
pressure and volume, and lower ejection fractiom and
cardiac index. Furthermore, the increase in left

ventricular end-diastolic pressure resulted in an increase

in left gfntricular wall tension. These findings suggest

-
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that decreased aortic compliance increases the impedance to

+

efbction and the tensfion load on the myocardium.

' Compliance refers to the slope of the
volume/pressure (A8 V/AP) relationship; 1.e. the change 1in
volume relaﬁive to the éhange in ﬂreasufe. If agipg
vessels are less compliant, then a change in volume will
accompany a relatively lafger'change in pressure‘&ompared
t& vessels that are more compliant. An indirec;'measure
of vascular compliance can be estimated by applying the
AV/ b8 P relationship £0 stroke volﬁme and pulse pressure.
At peak_exerciee:

S 7
Pre-training old: - Ky

Compliance (ml/mipHg) = 78.9/111.2 = 0.71

.

Pre-training young:
Compliance (ml/amHg) = 93.9/115.2 = 0.82

Thus estimated vascular compliance dn the elderly was
about_lSZ lower compared to that in the young subjects.

The reciprocal of compliance 316&3 an index of stiffness

in a vessel. Applying this to the above data, the eldérly
exhibit a higher estimated stiffness in their vessels;

1.41 moHg/uwl compared to 1.22 mmHg/ml in the young.
- ~ .
‘Although such comparisons need to be interpreted with

) £
caution, as they are based on only indirect estimates, they

are useful in providing some indication on the

-

- -
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volume/pressure relationship as blood is ejected into

Y

the arterial tree. .

5.3.3.11 Chauges in Arteriolar Vasoconstrictor Tone

\i} discussed in Chapter 1, the artericlees are
under—rhe influence of an inherent constrictor tone, known
as basal tone (Barcroft, 1963). Neural and metabolic
influences modify this‘tone and regulate thé amount of

blood ¥How to the tissues. Norepinephrine released by
i

postganglionic sympathetic nerve endings binds with alpha

receptdrs in the vascular wall to produce vasoconstriction.

Stimulation of beta-adrenerglic receptors, o&n the other

.

hahd, results in vasodilation. The close relationship
between metabolism and vasodilation has led to the search
for a metabolfc by-product as the mediator of arteriolar
igsodilation. Some of the suggested vasodila;ors arellower
PO, and elevated COy, Ht concentration, potassium and
aéenosine (Wa}ts and Johnson, 1981; Stowe et al, 1575).
What is known about'age-associated changes in
vasoconstrictor tone 1is baagd largely on pharmacologic
studies in animals t;at used';pecimena from large qrterles..
These studies demonstrate that a; least the large arteries
undergo‘functional age—associated changes tﬁat result -in
an impaired ability to relax in response to .drugs (Fleisch

-

et al, 1970; Pleisch, 1971; Ericeson and Lundholm, 1975).,
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Fleisch and Hogker (1976) reported that the degree of:
relaxation In response to 1soproterenol; after
alpha-receptor blockade, in the aorta and pulmonary artery
of rats and rabbits-decreased markedly with increasing
age. Aortas from 2-year old rabbits relaxed to only 17%
o; maximum, whereas specimens from 2-month old rabbits
rélaxed to 85% of maximum. Pulmonary artery sepecimens
responded in a similar fashifon. Overall, onlky about 20%Z of
the maximal response to lsoproterenol rema¥ned in the
large vessels from 9-month old rats and 2;year old rabbits
compared to young animals. ’

Erfcsson and Lundhoim (1975) reéorted gimilar
resulté in young and old rats; the relaxing_action of
lsoproterenol on.thé aortic strips decreas;d with
increasing age to the point that there wag no re}axing

effect in animals & months of age. The age at which

fsoproterenol begins to lose its ability to relax the

~aortic atfips wvas 10 weeks, which coincides with the

time that blood pressure begins to rise in normal rats
(Oka;oto and- Aoti, 1963). These fidiings suggest an
age-related decrease in vascular beta-adrenergic
responsiveness in.the large arteties of a;imals.. We Ao
not know {f this also applies to the gtgller vascular

beds, which are largely responsible for the regﬁlation of

vascular conductance and mean arterial pressure.
e

A
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A picneer study on vascular bera—ndr&norecoptor
sensitivity Iin man was recentl{ regorted by Van Brum;elen
et al (1981).. Thid was detefﬁl;ed by measuring the change
in forearm blood flow (venous ocplualon plethyamog::ap{ly)l
in. response {; {fntra-arterial {nfusion of té%preﬁallnc
(1soproterenol) in two groups of old (53-70 ye$rs) and
young (12-24 years) hqg}th; subjects. Resting forearm
blood flow and vaacul;r resistancg were -of a similar
magni:ude tn the two groups. Hoyever, the change In
fo;earm blodd flow with incremental doses of intra-arterial
isop?enaline was signif{cantlyflowér in the older group;
the mean change 1n blood flow over all doses of-
isoprenélfne was 48% &ower in tﬂe_elderly. s
The relevance of animal studies for the

interpretation qf human data may be limited by the fact

[
3 ’

that in the.ﬁnimal studies iscolated. aortae or larger
arteriés vere used. Nevertheless, the results demonstrate
diminished beta-adrenoreceptor function ‘with increasing
agé. Indirect evidence {(Van Brummelen et al, 1981) that
.the observed differences fn the vascular response to

isoprenaline ‘in the young and 0ld were related to "the

\ "./ .

beta—adrenoreceptor was provided by thelparallel decrease
p 1 :

tn the heart rate response to lsoprenaline; another

beta-adrenorecep&or mediated function.

d
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In eummay&,‘it would appear that structural
cha;gen in the arterial wall.contribute to an age-related
decrease in vascular compliance, s0 that a given volume

"will accompany a relﬁtive}y larger increase in pressure

compared to younger, more complfiant vessels. These
changes together with a diminished vascular

-

betga—adrencreceptor fesponalveness likely cogtribute to

the increase in arterfial pressure and decrease in vascular

conﬂuqtance in the elderly subjects. :
' !

5.3.4 Short—Term Dynamic Muscle Fanction

P

Pai&llel to the decline in oxygen delivery
mechanisms 1s an age-assocliated decrease in skéletalﬂhuscle
structure and function. As discussed in Chapter 2, we
examinéd the relationship between maximal power output
(during 35 sec; of 1sok1netf; cygling) gnd peak 602
(duriog proéressive increment;ﬁ cycling), to examine'ﬁhe‘
‘extent to which integrity in wmuscle function may.coantribute
to the mi}ntenanqe of peak aerobic capaclity. A fi&d#ng of

-—Jinterest in that study was the close relationship between
gotal work abhievéd'in 30 secs of maximal isokinet}c
///;ycling and peak 602, in 100 healthy m(lzéfa?df?emalgs 15
‘ to 70 years o%f .age (r = 0.89, p(O.dOl, Appen&ix 2, Figures
3 and 4). We wanted to inQéstigaté this rglationship

furpher in this study to determige wvhether similar
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-rpm (Tablé 4).
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training-associated adaptations may occur {in both muscle
function and aevrobic capacity.

We tested the subjects in the present gtudy at
pedalling frequencies of 60 and~ 110 rpm, The 6? rpm
veloclty was used because {t was the same frequencynof

—
pedalling used in the progressive incremental exerclse
te;t. We wanted to examine whether there was a muscle
component to the aerobic capacity measurements. The hfgh&g
velocity was used as it is the velocity at which peak power
is developed (McCartney, 1983) and becaﬁse we wanted to

examine whethery:ﬁy training-induced adaptations may occur
in the type II fibres, which were considered to ;ontribute
more to the cycling exercise at the higher speed.

Average power output and total ngk during 30
secs of maximél cyc&ing vere siénificantly lower (b(O.UQl,
Table 4) in the elderly compared to the young susjecta

(ﬂBZ and 307 respectively). Pgst-exércise plasma lactate

wags also lower (27Z2) in the elderly (p<0.0015. However,

.norgignificant differences were obserJ‘f in the fatigue

[

- e &
‘" ,index between the two groups; 347 in the elderly.and 292X

in .the yaung at 60 rpm, and 59% and 632 respectively at 110

-
-

.. /l -l.— .
ikl

£ ' _ ..
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5.3.4.1 Changes in Aging Skeletal Muscle

Ag reviewed earlier (Chapter 1y, major
age-associ;ted changes that may contribute to the observed
differences between the elderly and young muscles are
decreases in lean .muscle mass, muscle fibre number and size
nqd reduction In strength. The decrease in lean muscle
'mass 1s. a common characteristic ofiaging muscle! A larée
epidemiologic study of 959 healthy males 1in’the Baltimore
Longlitudinel Study on Aging revealed a 45% debrease in lean
muscle mass (measured by 24-hour creatine e%cretion) from
20 to 90 years of age (Tzankoff and Norris, 1977). The
changes in muscle mass may be the result of reductions 1in
the number and size of muscle fibres.

H\\ - A common change reported ia the literature -is a
selective atrophy of Fhﬁ/{;gh force .and fast contracting
type II muscle fibres. Thi; was found to occur
pafticularly over the age of 50-60 years (Larsgon, 1978;
Grimby et af, 1982; Antansson et al, 1978; Grimby and
Saltin, 1982). The ratio of type II to type I fibres tends
to decrease, from about 60% in 20-29 year olds to 40Z inm
60-69 year olda. This appears to be gssociited with
an age-related decrease in the type I1 fibres and a

relative stability in the type I fibres (Orlander et al,

1978; Kiessling et al, 1973).
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From these and other studles reviewed 1in
Chapter 1, {t would appear that type T musgcle fibres are
relatively insensi{itive to age—asspclated clfnges at leasat
up to the sixth decade of 1ife. In contrast, a
preferential atrophy of type II fibres appears to occuf
after the fourth decade of life. Beayond 70 years,
reductions 1in fibre size tend to occur {n -F.lll fibre
types, although they continue to be more striking in the
type II ‘fibres (Tomonaga, 19775.

The decreases 19 muscle mass and| fibre number
and size are assoqiatéd with decreﬁsea i strength in
elderly 1ndividuals. Studies of isometric and dynn${c
strength from childhood to the seventh decade 1in Ilife
revealed a progressive increase in strehgth up to fhe age
of 20 years, a relative stability up to the age of 49
years with a progressive decline from then on {(Larsson,
1978). It appeara'ﬁﬁat stréngth 18 reasonagbly well
maiqtained at least up to the fiftﬁ decade in 1life.:

Vadervoort (1984) recently reported maxiﬁél
voluntary isometric strength data in aubject; up to the age
of 100-years; he found that significant decreases in musecle
strength did not occur until after the age of 79 years.
Igsometric and dynamic muscle endurance on the other hand,
show a relative sthbility with increasing age {(Johnson,

1982; Larsson and Karlsson, 1978; Larsson, 1978; .Petrofsky

|
\
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et al, 1975). This 18 1In agreement with our own findings
of no di{fferences between the elderly and'young sub jects in
the fatigue index and may be asgsociated with the relative
chronologic stability of type I muscle fibres.

In summary, age-related decreases in skeletal
muscle mass, fibre number and size and strength contribute
to the decrease in the ability to produce short—-term power
ou¢put. However, the decline 1in avé}age power during
short—-term maximal exercise is well maintained in these
elderly subjects and agpehra-to be associated with the

relative stability of type I muscle fibres, in contrast to
1
a preferential age-related atrophy of type II fibres.

e

5.4 Post—Training Exercise Responses in 01d and
Young ' ¥
w :
R 5.4.1 The Change in Peak Oxygen Intake *

After the 12-week endurance training program,
peak VOg2 Ancreased (p<0.001) in both'groups with no
s

_..{Bifferences in the magnitﬁde of change in the two groups.

The increase "amounted to 38% in the elderly (1.599 + 0.073

to 2,212 + 0.073 1/min) and 29% in the young (2.536 + 0.141

to 3.263 + 0.181 1/min). Jp—
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In Table S5, a summary of the present and
previous training studies that employed middle aged and
elderly subjects 1s glven.

The 38X increase 1n peak 002 is higher than
previously reported in over 60 year old sedentary males,
with the exception of the Barry et al (1961) study.
-Howéver, as discussed in Chapter 1, part of the change 1In

peak 602 In the latﬁgr study may have been due to the fact
that in some subjee;a, the pre-traiaing exercise test had
to0 be stoppéd prematurely because of ECG abnormalities,
and peak 1n1tia} values may not have been rveached.
Therefore, the reported pre-training peasgk Ooz‘of 16.1
_ml/kglmiw in the Barry study may not b;'the aubjéctp' true
peak V09 value. |

In other studies (Table 5), the percent
increase Iin peak ﬁOz-varies from 0% to 30X, Differences
among the various studies in-subjects and trainihg
protocols make comparisons difficulE and undoubtedly
cfntribﬁte to the differences in findings. . Major
differences include the initial level of f}:ness of the

subjects and differences in length, format and intensity of

training.
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5-4.2 Comparison of Present with Previous Traiming

Protocols
-
The training protocol 1In the present study
required that the subjects train at a heavy 1ntensitp,

mean training heart rate 140 beats/min. This was attained

.by the third week of training and was maintained wiﬁaout

exception and with no major interruptions for the remaining

9 weeks (Figure 5); a missed sessioq in one week was

rescheduled in the same week. We were fortunate not to

have any major musculoskeletal injuries other fhan minor
knee anﬁ\back problems. These were handlell largely by‘
adjusting the handle bara or seat on the cycle ergometer;.
The subjecis vere jufficiently motivated and committed to
the study so their full cooperation and compliance with
the program was secured. These are important
considerations in training studies and are often not
a&dtegsed'sufficiently in published reports.

The format of training was 1nt;rva1 cycling,
with.S-minute bouts of heavy exercise (85X of peak ﬁOz)
interrupted only b} a brief pause_to allow the subjects to
record!their heart rate, and then‘continuing with 3
minutes at a lower 1ntensity.(652 of peak &02, Figure 5).
All subjects reached this intensity of training within two

L]

weeks of the start of the training program.
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Tn previous training etudies, the intensity -of

training {s often not clearly stated and Iin some cases, no
speclfic training heart rate i1s prescribed (Table 5);
’atatements such as near maximal levels, less than 145
beats/min and other generalizations are often used to
indicate 1nteﬁaity of training. Furthermore, of the
stated number of weeks of training, there {s no clear
indication as to when the prescribed intensity wae reaéhad,
or whether the required numberfof tr8§ﬁ1n3 seésions were

attained with or without iaterruptions.

The length of training (Table 5) var¥es from 5

&

to 104 weeks. Since this {8 also en {important
R .

consideration, some trends towards greater 1mprovement.w1th
longer traiéing éoula_be expected. However, there 18 no
clear trend evident as indicated in Table 5. Th; longent
study, that of Kasch et al (1973) with 104 weeks of
:raiﬁing rgﬁorted‘a 17§‘1ncrease in peak 602; DeVries

(1969) with &2 weeksg of training reported only an/f.32

increase; Hanson et al (1968) reported a 17.6X 1nqrease¥

- after 29 weeks of training. What 1s evident from Table 5

i85 that the initial level of fitness of the sub jects and
the intensity of training aré‘likely_the most important
variables in the amount of improvement expected after
training. The former was:convincingly shown byanliocg

-

(1973); subjects with high inicial peak VO, (over 45
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ml/kg/min) training for an average period of 16 wekks
1mproved‘thelr.peak 002 by 4% to 127%. In contrast,
subjects of the same age, with low infitial peak VO values
(less than 35 ml/kg/min) trailning gt the same Iintensity and
frequency, showed a gmeafer {mprovement, 22% to 437Z.
There 18 legs agreement with regards to the question of
whether high inteABIty t{i}ning should be advocated in

elderly, ?reviously sedentary.individuals.

5.4.2.1 Safety of High TIntensity Tfaining in the

L

Elderly
As redgntly as a few months ago, Ehsani (1987)
and Hagberg (1987) propose&’that endurance training can
increase the exercise capacity of elderly subjects, but

advised that ttaining be of low intensity, and that

intensity, duration and frequency be 1increased graduélly

. over a piriod of months. Such statements are a common

occurrence inm reports dealing with exercise and aging and
-

are based on the belief that high intensity training is

unsafe for o;der individuals.

We have shown that high intensity training can.

be both safe and well tolerated by older subjects. Our

o«

over 60 year old subjects were sedqntary for a number of

years with peak 602 values aﬁproxinately 83% of "predicted

values for their age. They were not ex—athletes and had
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never participated in endurance training,;rogrnms other
than regular sports 1in their youth. Yet they tolerated a
high intensity training program of twelve weeks duration
with no cardiac or other complications, and no
interruptions in training. The t;aining power output by
the sixth week iIn the programvexceeded the mean maximal
power output achieved during'the initlial fncremental
exercise test.

It 46 recognized that these findings are basecd
on only a émall sample of older individuals. Consequently,
generalizations to other subljects of comparable age need
to be made .with caution. However, we feel that our
subjects were representative of ‘the older-sedentary,
healthy populatioen. Thus, assuming that older subjects are
appropriately screened for cardiovascular and other
diseases, that the exercise intenqityfis'prescribed on thF
basis of an increﬁental exergise test and t:;t the sub jects
are closely monitored during training, high intensity

exercise may be as safe for 60-year-old as 1t is for

20-year-old subjects.

5.4.3 Effects of Training on Cardiac Output, Heart

,nafe ana Stroke Volume

Applying equation 1 to the pre- and

post-t?aining data ih the elderly we have:

T
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pre-training: 1.599 (1/min) = 12.7 (1/min) x 126.5 (ml/1)

. { )
post-training: 2.212 (1/min) = 16.5 (1l/min) x 134.7 (ml/1)

The comparison indicates that the 382.1ncrease in peak 602
{n the elderly was associated with a 30X increase in peak
cardiac output and only a 6% increase 1in the peak
arterlo-venous oxygen difference. In the young subjecfé,
peak cardlac output and arterio-venous oxygen difference
contributed to the same extent (14%) to the increase in
peak V03,

4 Haemodynamic changes after intensive endurance
training in previously sedentary healthy males over 60
years of age and direct comparisons wi£i sub jects 40 years
younger have not been reported before. There 1is 1little
information on training-asaociafed haemodynanmic adaptptions
in elderly subjects in the literature with which ﬁe can
compare our reaults.’fThere are only four studies that
reported haemodyramic changes before and after training in
old?:, aehentary individuals (Table 5). Hartley et al
(1969) reported a 14% increase in peak 602,-associated.
with a 13X increase in cardiac output; no significant
change was found in the ;rterio-venous oxygen difference at
peak exercise. The 7% 1nc;ease in peak &02 reported by
Xilbom and Astrand‘(1971) was associgxed with an 8%

increase in peak cardiac output, and a decrease in peak

arterio-venous oxygen difference (-5%).- Boih of these
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studies employed subjects Iin their middle yohrs (38 to 61
years).

Recent studies (Niinima and Shephard, 1978;
Seals et al, 19845 on endurance train}&g {in the elderly
revealed small, not gsignificant, chn;;es in peak 002 (5.22)
with no—significant change 1nl cardiac o;t[)ut or
‘arterio-venous oxygen difference (Niinima and Shephnrd,
1978). Sealas et al (1984) found a large-increase in péak
éOz (30%) after twelve-months-vf endurance training in
ekderly. subjects, ac\comp'anied by increases 1n
arterio-venous oxygen difference (IAZ)fand only a small

: : 9
{ncrease in cardiac output (not significant). The atudief

of Niinima aﬁd Shg;gard (1978) and Seals et al (1984) are
particularly relevant to the present study as they are
relatively recent s;udies that recrulted subjects of
comparable age. The differences in findings bet;een
Niinim# and Shephard (1978) and the preaent study are

Ii1kely due to differences in training intensity, as

discussed earlier; essentially no major training-associated

-

adaptatione occurred in this study. However, in the Seals
et al (1984) study, a large increase in peak 602 was
reported with no change in peak cardiac output. This may
be at legst partly explained by differe&ces in the method

’

of estimating peak cardiac output.



L

Al

199

The method used in the present study was based
on extrapolation of cardiac output from submaximal values
to peak \}02, after calculation of the regression equation
expressing the cdrdfac output-oxygen intake relationship
for each sut;ject (Chapter 3). 1In the study by Seals et al
(1984), peak cardiac output uasﬁ_estimated byl muleiplyiag
the average stroke volume during three submaximal work
rates with the peak heart rateq.\ This was based on the
assumption that stroke volume reaches a peak value at about
40% of peak 602 and levels off thereafter. This assumption
is questionable as there is some degre; of variability 1inm
stroke veclume behavio;r‘which may progressively increase
up to 60% of peak VO, of higher and either level off or
decrease somewhat from then on. This may contribute-to the
differences in thg results between the Seals et al (1984)
and the present siudy.

It would appear from the limited s€udies
available that pgak cardiac output can lncrease in elderly

r

subjects  in response to endurance training. Our finding of

almost a 30X increase has not been reported before in this

population. Changes in the determinants of cardiac output

and mechapismsfiikely to produce these changes.  will be

« - ,

discussed below.

—

&



5.4.3.1 Changes in Heart Rate and Stroke Volume

The increase 1in peak cardiac output in the
eldarly subjects was associlated with marked lncrénues
in peak stroke volume (21%2); heart rate at peak exercise
increased by 7% (Table 13). These changeas are llﬁustratqd

by applying equation 2 to the data observed in the elderly

L]
'

which show:

pre-training: 12.7 (1/min) = 16f‘(beatélmin) x 78.9 (ml)

post-training: 16.5 (1/min) = 173 (beaté/min) x 95.6 (ml)

During submaximal exercise, the change in heart rate for a
given 1increase 1in 602 deéreased 'significantly after
training in both groups (p<0.001); from 63 beate/min to 52
beats/min in the ‘elderly and from 45 beats/min to 40
‘beats/min in the young (Figu;es 22 ;nd 27). This was
accompanied by increases in stroke volume (Figure 22) that
were statistically significant oqu in the older group
(p<0.001}.-m{h; increased stroke volume resulted In-a
significant increase in submaximal cardiac output (p<0.05)
in _the eldevly with no change in the you&g sub jects.

A number of mechanisms may coptribu;e towardas.
the training—associated changes.- in ftroke ::}ume and heart

- s
rate. ~

-~
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5-4.3.11 Chaunges in Autonomic Nervous System Activity

A well established adaptation of endurance
training is a lower heart rate during submaximal exercise.
Training—associated'reductions in submax:mal heart rate
were found to be accompanied.by lower plasma norepinephrine
concentratione (Cousineau et al, 1977; Peronnet et al,
1981), suggesting a reduced sympathetic outflow to Fhe
Heart. Clauvsen et al %1973) found that the r?duction in

hedrt rate after training wag closely related with an

increase in hepagﬁk dye (indocyanine green) clearance (r =

'-0.82), Similag high negative.coérelations were also

. t
reported by Rowell et al (1964 and 1965) for heart rate and

splanchnic-hepatic blood flow. Iﬂ_agreemen; with
slenchnic blood flow studies, Grimby (1965) observed

higher remdl blood flow values 1in well-condiytoned athletes

given abso}ute VO3 and a high inverse relationship
etween heart .rate an& renal blood flow (r = -0.89).

These findings suggest that the sympathetic
outflow that aTcompanies 1ﬁcreases in heart rate and
vaé;constriction in abdominal viscera may be reduced after
training. Furthef support for tﬁis is tﬁe finding of a
greater &ecrease in héart rate after beta blockade

(intra-venous injection of propranolol) in sedentary
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subjectrs compared to well-trained athletes (Brundin and

Cernigliaro, 1975).

Ekblom et al (1973) examined the heart rate
response during cycle exercise before and after.~g 5-week
endurance training program under conditions of
parasympathetic (atropime) and sympathetlc blockﬁde
(propranolol) in 15 healthy sedentary males 23 to 32 years
of age. Parasympathetic blockade resulted in a higher
‘heart rate at a given 602 after training compared to the
control value, which suggeats that the training bradycardia
may be partly explain;d by increaaéd parasympathetic
activity. However, fhis7cannot be the only factor, as the
heart ratg at a given subméxiﬁ@l 002 after the injection of.

atropine did not increase to the same level as before
traiﬁing. Administration of propranolol resulted in less

of a reduction in heart rate at a_giv%p VOp after training

compared to the control value, which demonastrates a less
4

pronounced effect of beta-adrenergic receptor activity

after training. These changes were mpre pronounced in

subjects with the greatest increase in peak 002. Thue

-

training—associated increases 1in parasympathetkf activity

and reduction in sympathetic activity may contribute
o .

towards the bradycardia observed after endurance trainiag.

There 1is. some evidence to suggest that the

’

intrinsic heart rate may be affected by endurance training.

i
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Untraimed Bubjects were found to have a higher mean
resting intrinsic heart rate than athletes ﬁfter double
blockade (Shephard, 1968). In longitudinal studies using
double blockade before and after training, 1intrinsic
heart rate was found to decrease the most in thase subjects

who exhibited the greatest Iincrease 1in dOzmax {(Sutton et

al, 1967) However, with sﬁort periods of training; no

significant differences in intrinsic heart rate were .
reported. Studies in 1solated preparations from trained

and untrained animals report either no differemces between

—

the trained and untrained states (Tipton,,1968; Penpargkul
and Scheuer, 1970), or a reduct?yﬁfin fintrinsie -hheart rate
after training (Bolqer et al, 1973). Ekblom et al (1973)

found an increase in the post-tralining heart rate,at rest,
[ '

after double blockad%-compared 22 the pre-training value

L)

(young males). At ? given percent of 602. heart rate aft

training remained slightly higher, up to about 60% of {peak
: ‘

V02. As exercise progressed, ‘the higher heart rate’after

training became progreasively more pronounced compared to

the pre—training value.

. N It is evident from the above that there 1s no

D! .
consensus of opinion as to the effect of endurance training®
on 1ntf1nsic*he§rt rate. Whether thie is likely to be a

factor in the present study is not known. Given the

conflicting findings, it is doubtful that adaptations in
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fntrinsic heart rate played a major role {n the
training-associated changes in heart rate observed {n this

.

study.

5.4.3.111 Chang;n in Preload

The decrease in heart rate was associated with

significant increases 19 stroke volume."H;gher stroke
- " wvolumes associated with higher end-diaatolic &olumes
determined by radionuclide imaging techniques and

. echocardiography, have been reported in young athlotés

compared to sedentary controls (Morganroth et al, 1975;

) Roeske et/;l, 1975). %organroth et al (1975) reported

;L significantly higher (18%) left ventricular fnternal
dimqqgions at end digstole in/younﬁfendurance athletes

t(gwimmers) compared to age-matched inactive controls.

§
o ’ Comparisons between com%Zﬁiive long-distance
runners';nd wrestlers reveaied'greatér (p(0.00l) ca:giac
dimensions in the runners; 16; in left‘vencficilar internal

dimension (end dlastqpblggnd 31% in end diastglic volume.
These changes were assoclated with a 35% higher stroke

A volume in the 4:nners (116.5 + 13.1 ml compared to 75.2 +

8.1 ml in the wrestlers). Large increases in end-dtastolic
volume were also reporied by Rerych (1980) in young

athletes after six months of endurance trathing.
- F
Therefore, larger diastolic filling may reeult- in" an

-



205

elevated stroke volume via the Frank-Starling mechantism.
Although these fi:ﬁings are based on studies

that employed young trained aubjectg, there is evidence to
support that increases in end-diastolic volume may also
occur Iin older sBubjects. An_increase in stroke volume
associated with a greater 1increase 1in ;nd—diastolft volume
‘and thus 8 greater reliance on the Frank-Starling mechanist
was shown by Rodeheffer et al (1984) and Geratenblith.et al
(1987) in physically ,active healthy elderly. This 1is
further supported b; gan increase in diastolic filling time
with increasing age (Gergtenblith et al, 1977). Tﬁe narked
decrease 1in submaximal heart rate observed in the present
study together with an increase in diastolic filling time
may contribute to an increase in end-diastolic volume
whiéh may in turn increase stroke voldme via the
Frank-Sta;ling mechzunilsm in these elderly sub jects.

-

5.4.3.1v Changes in Myocardial Contractility

. 'y
The capacity of the heart to pump against an.

-
to increase after

.

increased afterfo;d has been shown
training (Clausen et al, f§33); young subjects who had
undergone enjurance training of the iegs %ere able to
increase, cardigg\output and stroke volume more during wﬁrk

with the untrained arms than was possible before leg

training. Thesk findings may suggest a tratning-associated
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{mprovement in cardiac pumping capabilities in young
subjects, but it 18 not likelf to be a major factor {in
elderly subjects after short-tegm endurance tralning.

Myocardial contractil{ty, determined by changes
in ejection fraction and end-systolic volume,‘ware found to
changé llttle after endurance training (Blomquist and
Saltin, 19@3). In the phyéically active subjects of the
Baltimore Longitudinal Study on Aging, end-systolic volume
was found to decrease less in elderly compared to young
"subjects, which resulged in less of an increase in ejection
fraction during exercisel(Gerstenblith}et al, 1987). Thus
changes 1in myocardial contractility are not likely té play
a significant role In the large increase in stroke volume
obsérved in fhe elderly sub jects.

In summary, post—training gubmaximal and peak
cardiac output increased in the elderly assocliated with
marked increases in submaximal and peak stroke volume,
marked decreases in submaximal heart rate and small but
gsignificant increases in peak heart rate. Based on the
é#ailable evidence, ‘it woula appear that incrgaaed
parasympathetic and decreased ejﬁpatheti§ activity may
contribute to the decrease in the heart rate res;onse to .

exercise. This, together with increased diastolic filling

time may result in an fncrease i end-diastolic volumg



207

which will {n turn {incremsase stroke volume via the
Frank~Starling mechanism. There {8 no convincing argument
that myocardial coentractility is 1in fact increased to any
great extent in elderly subjects and is not likely to be a
major factor particularly after short term endurance

training.

S5.4.4 Effects of Training on Vascular Conductance and

Arferial Pressure

A major training~associated adap;ation in the
elderly was a 30X increase in peak cardiac 6utpuﬁ
acco?panied by Q\hoz increage in vascular conductance
{Figure 17) with no éhange in the mean arterial pressure at
peak exercise. Similar training-assoclated changes were
observed in the young, but the magnitude of the change was
not ;a pronoupced; a 147 incre e in peak cardiac output

“

accompanied by a 13% increase in vascular conductance and a
: . | .
small increase (4%)) in mean arterial pressure at peak

"exercise. : .
Applying equation 8 on vascular conductance to

the pre—~ and post-training data in the elderly subjects we

LY
have:

15 ’ .
pre-training: 0.097 (l/min/mmHg) =12.7(1/min)/131.2 (=mHg)

post—training: 0.124 (1l/win/mmHg) =16.5(1/min)/133.1 (mmHg)

-
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The {increase 1in vascular conductance at all levels of
exercise was significant (p<0.01) In the elderly (Figure
17); there was no significant change 1in the ;0un3 gaubjects.
Also, submaximal systolic blood pressure was aigniflcanfly
lo;er (p<0.001) in the elderly after training with ne
change in the young subjJects. These findings suggest
training-assdciated adaptations in the peripheral
circulation of these elderly subjects that resulted in an
increase 1in vascular conductance and a decrease in the
1mpedhnce ;o election. .
The fall in blosd pressure observed durlng
exercise in these elderly subjects is likely the result of
.the qarked increase in vascular conductance. Since blood

-

pressure isudbrectlx related to cardiac output, and

cardiac oﬁtput increased both af submaximgl and maximal
exercise, the 1pc;ease in vascular conductanoe was
prOpoftionally gfeater ébmpar?d to the increase in cardiac
output. In other words, 1f cerdiac output remained
unchanged, an increase in vascular conductance umay resultl
in a fall in grterial pressure. During heavy exercise with
larég muscle groups, .when a large poftion of the skeletal
muscle vascular beﬁ may be dilated, the extent of the
vasodilation has to be balanced between the metabolic
demands of the muscles to increase bldod flow and the-
capacity to increase ca}dlac output 80, that arterial

L]
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pressure 18 maintained. Training-associated changes 1.n
sympathetic outflow are likely to play a qajor role 1in
producing this close balance between peripheral and

central circulatory changes.
4.4.1 Changes in Sympathetic Outflow

Decreased sympathetic vasoconstrictor\n{iiiow

he exercising muscles 1s a key mechanism for he

increase in vascular conductance after trailning. Plasma

N .
norepinephrine concentrations are reduced after endurance

training and are closely related to the training-assoclated
. reduction in heart rate (Peronett et al, 1981; Cousineau et
al, 1977) and 1nc£ease in vascular conductance (Rowell,
1954). However, as illustrated in Figure 17, vascular
conductance in the elderly subjgcts tends to plateau as
maxim;I exercise is approached. This suggests that as the
heart's capacity to increase carﬁiac output 1is-approached,
arteriolar.vasodilation.tends to decrease to maintain
arterial pressure. h ‘

rThere 18 a competition 1; active muscles
between the metabolic factors that 41late the muscle
vessels and the Increased'nqrvous activity that tends to
constrict them (Mellander and Johan\son, 1968; Kjellmer,

1965; Skgandell and Shepherd;“1967). It was previously

believed that the gympathetiec vasoconstrictor influence was
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unable to fnhibit blood flow in musdles exercialng at or
near the maximal level. However Aas demonstrated .by
Donald (1970) and Rowell (I;; , vasoconstriction c¢an
occur in active skeletal muscles during heavy exercise;
sympa?%égic stimulation In exercising dogs resulted 1in a
decrease 1n leg blood flow duting maximal exercise that
"was less compared to the decrease in flow during mild
exercise. These findings suggest that as the exercise
stimulus 1increases, the vasoconstrictor influence to the
working muscles is progressively diminished but it 1is not
abolished. The purpose of this vasoconstrictioﬂ—;ppeurs

to be to adjust the maximal vasocdilgtion in the working

muscles to the central circulatory capacity.
? . .
v . ’ /
5.4.5 Summary of Changes in Haemodynamic Function

+

Traftning resulted in significant increases in
peak 602 in these elderly subjects, assoclated with a
rglativqu—é}eater 1nq£ease in peak cardiac output (30Z%)
compared-to pegk aaﬁerio-venoua oxygen difference (62).
During submgxima; exerclse cardiac output was higher
(p€0.05) after~tratuing andﬁarterioﬁytnOus oxygen
difference was loéer,‘altho;gh qtatlstic&&\significance

)

was reached only at one exercise leéql (fOO—kpm/mln).

v .

These findings suggest that a major mechanism for the

increase in peak 602 in the elderly is an increase in
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blood flow and thus oéygen delivery to the working muscles.
This 18 further supported by the marked increase in
vascular coqdu;tance observed 1in the trainéd elderly.
Neither sub%;ximal cardigc putput nor vascular conductance
waere significantly changed after training in the young

TN
sub jects.

* There are no experimental data on bload flow
measurements before and after high intensity training 1in
previously sedentary elderly subjeéts. Fﬂs reviewved in
Chapter 1,‘blood fFlow d%;ing exerclise was lower 1in
middle-aged compared to young athletes (W;hren et al,
1974). A decreage in maximal bHlood flow was alsdlreported

r

in subjeéts 17 to 75 years of age (Amery et al, 19623.
The changes In bloeod flow{wich increasing age appear to be
agssoclated with a dimin;shed beta-adrenofegeptor
sensitivity (Van B™inmelen et al, ‘1881). Our findings
suggest that b}ood flow to exercising;musclgp can 1ncreas§
in elderly individuals as a response to endurance training.

The 1mprbved-qugen delivery to the working
nuscles was assoéiated with marked decreases in heart rate
and aygtolic blood pressure, consistent Vieh deéreases in.
the wzfﬁ of the heart at a given ;xercise level., The fall
in subm#ximal heart rate .would increage diastolic €1illing

time and end-diastolic volume, as shown by Rodeheffer et

al (1984) and Gerstenblith et al (1987) in physically
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active elderly and thus increase stroke volume via the
o

Frank~-Starling mechanism. These ndaprBLgﬁikjllowcd the

elderly (rained subjects ta achieve higher levels of

. | o

exerctse and peak VO0j. . -
5.4.6 Effects of Training on Ventilation

-

Training resulted in a lower COjy odtput at a

—

given 602 reaulugf;

- &

both groups (Figﬁres 24 and 25). There was no change in
ventilation for a giveﬁ ﬁOg at low exercise levels (Figure
24 ). However, as exercise progressed, the post-training
6E/G02 curve shifted more to the right, resulting in a
lower submaximal and & higher maximal ventilation. . The
level of ventilation is primarily determined by tﬁe (5]
production, whicﬁ at low levels of exercise, 18 related to
09 utilfzation. However, as exercise progresses, blood
lactate ‘increases resulting inan a relagively steeper
increase in ventilation. 4 |

A major metabolic adapta;ion after tralining is
a lower plasma lactate concentration af a given power
output {(Taylor and Jones, 1979; Issekutz et al., 1965),
which results in a reduciion in €0 output, a fall in the
‘respiratoz"y drive and a red.uction 1n}aubma}x1ma1

" ventilation. Blood lactate was not measured during

progressive incremental exercise in our subjects. However,
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the fall $n COj3 output a; a glven 002 after training,
indicated by the fall in the RER, would suggest that blood
lactate/ also decreased after training. A post-training
decrease 1in plasma lactate ccncentrat‘prn vas gtident
foi}ouing‘short-term cyciing, which provides indirect
evidence of a decrease in blood laétatgaduring the
incremental cyecling test, assocliated with an increase in
oxygen delivery toathe exercising muscles. The higher
ventilation at maximal exercise 1is likely due to the
1ncrea?ed power output, leading to an increased CO; outp&*
and blood lactate. )

fl\@ﬁ e findings suggeat significant
training-ass&cléted 1mprovemepts in the ventilatory
efficiency Bf these elderly subjects. As discussed in
Chapter 1, the higher ventilatory pattern of elderly
sub jects 18 likely the result of an 1ncréased physiological\gj
dead@space due to areas in the lung with a high V/Q ratio.
The significant fall tn‘submaxlmal ventilation at a given
exercise ievél, t&éether with aﬁmarked fﬁll in the RER

]
indicate improved oxygen delivery to the exercisihg

T ——

musclea,mconsistent with the cardiovascular adaptations

discussed earlier. These changes together with a more even

matching of ventilati?n and perfusion in the trained state

, {
contribute towards a. more efficlient ventilatory pattern and
l )

!
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. — .
an inm{eaaed capacity for higher levels of ecxerktise and
Y

peak 602.

5.4.7 Effects of Training on Short-Term Dynamic-

! Muscle Function \\“

a

No changes were observed after tralniné in the

maximal power output measures at 60 rpm with the exception

of a fall {n plasma lactate {in the elderty (9.0 mmole/1) to

. ) \)‘_‘_ L) - -
.7.5 mmole/l, p<0.005, Figure 11). At the higher pedalling

freduency, total wbrk 1nc}eaaed gﬁd bhi)fatigue.index and
plasta lactate decreaaed‘(Table 4, Figure 11); to@hl work
fncreased by 13% in the elderly (11.2 kJ to 12.6 kJ) and 8%
in the younE (15.7 kJ to 16.9 kJ). Thé fatigue 1£dex
decreased by 8% in the elderly (59. 0% to 54 2%) and 7.0% 1n:
the young (62.8% to 58.1%Z). Plasma lactate concentratioﬁ
decréased 26% in the old (10.5 mmole/1l té™7.8 mmole/lj and
14% in the young (14.1 wmole/l to 12.1 mmole/l). There was
no change in maximal power output in either group.
These findiﬂgs iﬁdicate gimilar adaptations in peripheral

muscle function in elderly and young sub jects.

The lack of improvement afteé training in

. maximum nuscle power, despite & marked increase in peak

ﬁOz, may suggest that changes ih muscle €ibre size are not
Sy ' :
likely to play a major role in the increased capacity to-

perform endurance exercise. However, the reduction in the

-~

L3
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fatigue index and the {increase in total uork(during 30
seconds of pedalling at 110 rpm, together with a reduction
in the post-eiercis: plasma'lactate’concentration point to
an inerease in aerobic metabolic processes in musale. This
{g consistent with the findings that during subm;;zmal
exercise of the same intensity (at the same percentage of
the subject's peak ﬁoz), trained individuals deplete their
mugcle glycogen stores more flowly than untrained
individuals and derive a greater p;rcentage of thelr energy
from oxidation of fatty acids and relatively less from
carbohydrate (Hermansen et al, 1967; Saltin and Karlsson,
1971). Furthérmore, animal studies hﬁggishownhthat
endurance training is associated with significant increases
n the amount pf mitochondria and the oxidative capaéity of
trained skeletal muscle (Barnard et al, 1970; Holloszy,
1967).;

The training program used in the pfesent study
was aimed at increasing endurance. Consequently, 1t~i?
not surprising that we found no changeg in ﬁaximaL;ﬁﬁ;EIe
power after training. It is well known that 'the nature of
the exercisé stimulus determines the typ; og adaptation
expected; hypgrtrOphied muscles of welight lifters showed

1ncregées in strength with no change in aerobic potential

(C6llnick et al, 1972). On the other hand, muscles of

L]

N,

LY
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trained rodents (daily running) showed {fncreases Iin
aeroblic capacity with no change {n muscle size or strengkh
(Barnard et al, 1970; Holloszy, 1967; Pattengale et al,
1967). Our flndiﬁgs are‘conaistent‘with improved aerobic
capqpitf in peripheral muscle after endurance training.
The extent of improvement was similar %n the elderly and
young subjects. As expected, power output duriq&-
short-term exercise was not changed significantly, likely
as a result of the type of the training stimulus; endurance
.type of exercise rather than strength treining.

At the higher pedalling speed (110 rpm), the
fatigue index was twice that at 60 rpm in both gltoups
(p(0.0bl) as was the case at pre~test, in agreement with
the findings of McCartney (1983) in young subjects. This
suggests a greater‘relative contribution of type II motor
units at the higher pedalling speed, which are capable of
generating greater levels of power, but are more prone to
f:tigué'(Burke et al, 1973? ThornstenABOn et al, 1976;
Thorstensson and Karlsson, 1976). Comparisons betu?en

sprinters and long-distance runners revealed that eprinters

f&re considerably more powerful than long-distance runners

at higher pedalling speeds (over 100 rpm) consistent with
o ~ fl

the higher proportion of type II muscle fibres in the
gprinters (McCartney, 1983; Thornetensson, 1976; Gregor-et

al, 1979). .

( -
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/ There ware no differences in the fatigue index
between the elderly and young sub jects, despite significant
differences.in power oﬁtput and total work (p<0.001). The
magnitude of the difference ranged between 257 ;nd 30%, as
was the case at pre-test (Figures 10 and 11). The
gimilarities 1n”fa£igue behaviour in the two groups was’a
céneistent finding both before and after training, and is
im_agreement with the relativeﬂstabilit; of type I muscle
fibres with increasing age (Larsson et al, 1978; Tomonaga,
1977: Orlander et al, 1978; ¥Kiessling et al, 1973)..
Similar finéinga in theAfatigue characteristics of 15 to
70 year old males were also observed in our cross-sectional
study using the same experimentaljprotocol (Makrides et al,
1985). & -~

The improvement in total work at the higher
pedglling speed suggests that the training~associated
adaptations are specific to the type II muscle fibres.
These adaptations are consistent with significant
improvement in the ability of muscle to utilize substrates
oxidatively; thus more work co?ld be performed with less
fatigue and blood lactate accumulation. Although 'the
trai'ning program was primarily aimed at increaqing
cardiovascular éndurance, the nature of the prograﬁ was
such that heavy exercise was performed over_brief bouts of

exercise; the subjeéts were required to pedal at a high
N4
-, . -
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fntensity for 5 minutes separated only by brief bouts (3
minutes) at a lower intensity, the pattern repeating
itself 7 times. Thus the intermittent nature of the
training pfogram may explain the selective improvement
in the fast—-contracting type II fibres compared to-the

.

slow-contracting type I fibres.

In the following chapter, the major findings

and conclusions of the thesis will be summarized.
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6. GENERAL SUMMARY

6.1 Introduction

The physical deteriOtatibn that occure with
aging 1s exemplified by a decrease in the)peak:oxygen
intake of asbout 30-40% between 25 and 65 years. jThis is
associated with a decrease in peak cardiac output (30-35%)
and arterio-véhous,oxygen difference (5-10%); The lower
cardisc output in che'@lderly is assoclated with dicrgases
in peak heart rate and stroke volume of about 12-14%.
Blood flow measurements are lecking but available ﬂata
suggest a lower vascular conductance &nd a higher/ mean
arterial ;:;aaqre in éhe elderly du?ing exercise. These
changes are accompanied by declines in muséle mags and

strength, breathing capacity and ventilatory efficiency.

Many studies fn the literature have argued in

favour of increased physical activity in counteracting _the

age-associated decline in the capacity to dolwork.
However, few studies have attemptedjto examine the role of
endurance Crainiﬁg in improving the work capacity of
elderly, sedentary subjects. The majority of these gtudies
reported{hqdést increase; in peak 602 in regponse_to
endurance trgining. Major limitations in these studiles

»
219
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relatJ to the intensity of trqining and the lack of a
comparison group of young subjects who had undergone the
sam{’training program and had a similar pre-training

/s

al, 1984 and Niinima and Shephard, 1978) included sures

fitness level. Furthermore, only t@o studies (i:::a at
of haemodynasmic function in sedentary elderly sub jecta
(over 60 years of age) Before and. after endurance training;
Seals et al (1984) feporteq a 25-30% increase tn peak VO3
with no change 1In peak cardiac output. Ni{nima and
Shephard (1978) on the other hand, reportea no eignificant
ch;nge after endurance training in either peak 002 or
cardiac output. Neither of these studies 1included a young
group for comparison. Thus, although there appears to be a
general consensus that exercise is beneficial in elderly
individ;als,.evidence te ;Lbstantiate this belief and tB
quantify the extent of improvement, in non-athletic elderly
relative to young subjécts, i8 lacking. Purthermore, there
are confiiéting v s as to ghe‘mechaniaqa that may

.

contribute toc any su7r improvement 1ﬁ the elderly.

6.2 Summary of Major Contributions of the Thesis
r - /;’/
\\\§ ‘The major aim of the thesis was to provide
direet Eompa%isons 0of training-induced adaptations in

exercise capacity and related variables in over 60 year-old

previously sedentary males with a gimilar group of subjects
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40 years younger. The training program was of the éam;
type, frequency, duration, and relative intensity in both
the young and old. In the few published reports on this
topic cross-comparisons are commonly carried out with.
younger populations reported in the literature who have
undergone different training regimens making comparisons
difficult and inferences drawn questionable.

The studlgs were carried out on th; background
of a large descriptive study of healthy males and females
aged 15-70 years, that ha& quantified the reduction In
exercise cﬁpacity with age, an& suggested that the level
of leiaﬁrg activities was an important moderating factor.

The study provided data on training-inducéd
adaptations ;n over 60 year-gld males who underwent a high
intensity tréining proéram 3 gessions/week for a total of
12 wéeks at 85X of peak 602, méﬁn training hearF rate 140
beats/min. The few publighed ;eports on the topic have
either used less than; 12 weeks of training, the intensity
vag' low to wmoderate, or the subjegts'wgqe not sedenta;y
prior to entry to the study. Furthermore, data were
obtained on the cardiovascular and muscular adabtationa to

m

high inteasity endurance training in over 60 year-old

F_3

previously sedentary males for comparison with a similar
' o
gToup of younger subjects. Previously, no study had

examined the training-induced changes ia both
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o
cardiovascular‘and peripheral muscle function in the same
population of young and elderly asubjects who underwent the

same training program and few had examined the component

responses in cardiac output and other important variables.

[ '
6.3 Major Findinga of the Thesis
6.3.1 Before Training

The subjects in both groups swoﬁed values for
peak 602 that were in the low range ofénorﬁal, established
in the cross-sectional study, consistent with their
sedentary lifestyle. In the over 60 year-old males, peak
oxygen intake (l/min) was 37% less (1.599 + 0.073 old,
2.536 1-0.141 young), peak cardiac output 30X less (12.7 +

0.6 1/min old, 18.0 + 0.7 1/min young), peak heart rate
(161 + 3.8 beats/min old, 192 + 2.3 beats/min young) and
stroke volume (78.9_1‘3.5 ml old, 93.9 + 3.9 ml young) 1672

less, and peak arterio-venous oxygen difference (126.5 +

0
3.7 mi/1 old, 140.4 + 3.9 ml/1l young) 10% less than 'in the

N
~

“—~younger group. A striking differenée between the groups
was the calculated vascular conductamnce which was 40%
lower in the older subjects at peak exercise assoclated
with a higher mean.arterial p;essure:

The decrease (362)'1n pefipheral muscle
function (power and total work) im the over 60 &ear-olds
paralleled the decrease in peak ﬁOz. ‘However, the fatigue

characteristics of peripheral muscles during a brief bout
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of maximal cycling were asimi{lar between the young and

older sub jects.

6.3.2 After Tralning

The subjects tolerated the 12 weeks of high
{ntensity training well, compliance was excellent and no
interruptions in training occﬁrred. Peak oxygen intake
increased 1n the older subjects by 38Z%Z (1.599 + 0.073
1/min to 2.212 + 0.073 1/min) with increases 1in peak
cardiac output (12.7 + 0.6 1/min to 16.5 £.0.4 1/min, 302),
heart rate (161 + 3.8 beats/min to 173 + 3.9 beaté/min,
7%y, stroke volume (78.9 + 3.5 ml to 95.6 + 2.5 ml, 21%)
and arterio-venous oxygens/ difference (126.5 + 3.7 ml/1l to
134.7 + 2.7 ml/1l, 6%). The magnitude of change in these
variable; was sgimilar to }hat found Mn the young sub jects.
Thus, the older subjJects came to be phyaiologig;lly él;ser
to the young subjects; their post—-training peak oxygen
1nfake, cardiac output, stroke volume, arterio-venous
ox}gen difference and ventilation were not sighificantly
different from the pre-training values in the young.

A major'training-aasociated adaptation in the
elderly was a 30X increase in peak cardiac output, largely
brought about by.an increase in stroke volume, accompanied
by 37202 increase in vascular conductance with no change
in mean arteriglfpreBSure'at peak exercilse. Similar

changes were observed in the young, but the magnitude of

change;was not d§ pronounced. These findings suggest

L}
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training-associated adaptatfons Iin the peripheral
circulation that result in an increase in vascular
conductance and improved perfuﬁion of exercising muscles.
The increase in vascular conductance dur{ng submaximal
exercise was significant only in the elderly, contributing
to a training-associated decrease in‘syatolic blood

pressure at a given VO0y; there was no change in the young

-
group.

Howeveg, despite the marked training-assocliated
circulatory adaptations in the elderly, the}r vascular
conductance and cardiac ouﬁput.remained lower at peak
exercise, which suggest that.%he increase 1in conductancé
has to be balanced against the heart's ability to increase
cardiac output so that arterial pressure 1s maintained.
Structural changes in the aged peripheral vessels would
also influence the extent of circulatory changes, but it ie
evident that substantial improvements can occur in aging

peripheral vessels even after shortqterm endurance
N .

training.

Simiiar training-fhduced adaptations occur;éd
at s}bmaximal exercise (both_groupa); arterio-venous
oiygen difference (no significant change after training),
heart rate, ventilation and the respiratdry exchange ratio
(significant decreases after training). These changes agzﬁﬁx\
consistent with decreases in sympathetic and 1ng;e;sea'1n

parasympathetic outflow, a more efficient ventilatoery
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pattern after training and ilmproved aerobic metabolie
processes in exercising wuscle.

The changes in short-term power outpul were
relatively modest in both groups and of a similar
.

magnitude, The only significéht changes were a decreasgse in -

the fatigue iﬁdex assoclated with an increase in total work
and a decrease in the post—exercise plasm; lactate
concentration, whi further support a training-induced
{mprovement in aerobic metabolic processes 1in exercising

muscle.

6.4 ‘Conclusions of the Thesis

Based on .the findings ptesanted-énd‘within the

( ~
limitations of this gtudy, 1t is cqnck&ded that:
2,

\ .

-
1. Cver 60 year-old previously sedentary males may
tolerate high intensity endurance training as well as a
similar -population of subjects in their 20's, and may

respond to endurance training by quantitatively similar

r

1ng£::9ea in peak 602. o i

2. Short term high intensity endurance training

may ellecit adaptations in peak exercise capacity and

~ -
related haemodynamic’ function so that an active 60 year-old

may have values comparable to those of an inactive 20

year-old. 7 - ’ -/
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3. Training—aas&%iuted adaptations may occur fin
the peripheral circulation and autonomic nervoha system
outflow of elderly subjects that result 1in slgnifiénnt
decreases in submaximal heart rate and systolic blood
pressure, and significant increaueﬁ fn stroke volume,

N

cardiac output and vascular conductance.

4. Significant qualltatiqe'changes may océur in
the'périp eral muscle'of ovér 60 year—old previously
gedentary males as a result of high ihtensity endurance
training, indicated by lncreases in total work and
decreases ih muscle fatigue, plasma lactate and the
respiratory exchange ratio. The magnitude of tha‘;e is

gimilar to that found in young subjects.

5.

6. Despite training-induced adaptations in peak
V09 and related variables, an active 60 year-old will
/

likely remaﬂp physiologically lfferent from an active ZOA
;)
year-old. Thus structural changes in the aging heart,

lung, vascular and musc ular s;§{ggq’may impose & biological

l1imit on the elderly subject's capacity for maximal

. physical work. -
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6.5 Concluding Remarks

Sixty to 70 year-old previously sedentary males

responded to high intensity endurance trainling by

quantitatively similar adaptations in peak 602 and relateﬁ

variables. Many of the functional processes that
contribute to -the malntenance of peak exercise capacity
may {mprbove to an extent that active eldgrly become similar
t; inactive subjects several years younger. However, :%g\
physiological gap between young ;nd old is ounly pertially
remedied by endurance tréinihg. Aging structural changes
undoubtedly affect function, and if pathology 1is excluded,
guch changes will probhbly contribute to the decreased

exercipe capacity with increasing age. Two functions

"particularly affected are peak heart rate and peripheral

»

vagodilatory capacity. Although both dée amenable to

improverent with endurance training, the extent of

- »
fmprovement is limited contributing to the decrease in
exercise capacity with iﬂcreasing age. However, the

endurance training program used in this study was. only 12
. ! e

Vs . . .
weekg In duration. It 18 not known whether further
" 4
fmprovements may have occurred if training of the same

miqtenaity had continued over a longer period of time or

whether the type and extent of the improvement would have

been different. .
e P :

~
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The haemodynamic changes observed both bhefore

and after the tfaining program_ln the elderly point
towards changes Iin blood flow as a significant factor {ian *

the augmentatioﬁ‘of peak\exercise capacity. A major

difference between the young and old before tra

fng wan
that at a givén 602, cardiac output was lower, and ar erlal
pressure was higher in the elderly associatéd with a
decreased stroke volume and vascular conductance. Major
adaptations af;er training in the elderly'wgrf an increase
in submaximal stroke volume contributing to increases in
car@iac ocutput and an {increase in vasc&lar conductance
contributing to decreaées In arterial presqur?? These

anges were slgnificant only Iin the elaerly and suggest
marked training-aaaogifted improvement in the peripheral
circulation. Blood flow measurements during exerc}se in
young and elderly subjects.are"needed to determine changes
in blood flow duriné exercigse with increasing age, the
extent 05‘1mprovement that may be e?pect;d after en&urance
training and the mechandsms that may contribute to any such
1mprove;ént. ’ . o N

The results of this study suggest that the

deferioration in functional capacity normally associated

with aging may be> at least decreased by regular exercise.

a2 -
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Normal Standards for an Incremental Progressive Cycle

Ergometer Test'™

NORMAN L. JONES, LYDIA MAKRIDES, CHRISTINE HITCHCOCK,
TANYA CHYPCHAR, and NEIL MCCARTNEY

Introduction

Excrcisc tests are being more widely
applied in the investigation of cardiac
and pulmonary disorders. A number of
exercise protocels have been developed,
most of which employ a number of in-
creasing power outputs on a cycle er-
gometer or treadmill to the subject's
maximum. [n the intesprtation of
results, there is reasonable dgreement
with regard to normal standards for
maximal O, intake (Vo,max) per kilo-
gram body weight and for the decline in
maximal heart rate (HRmax) with age
(1-3). However, it has been argued that
weight is not the most reliable predictor
of maximal excrcise capacity (4), in that
it leads to overestimates of Vo,max in
overweight subjects (5, 6 a suggested
aliernative i3 the use of a prediction
based on the average weight estimated
for the subject’s helght (5, 6). Thus, al-
though Vo,max and HRmax have been
meascred n Iargc populations in which
age and body size are likely to have been
normally distributed, there are difficul-
ties in applying suitable correction flac-
tors to allow for the effects of gender,
age, height, and weight in predicting

. normal values for these and other vari-

ables used in clinical exercise studies,
such as ventilation, bloed pressure, the
oxygen pulse, and the ventilatory anaer-
obic threshold (7, 8).

The present lnvestigaliun employed a
standardized progressive incremental
exercise protocol on a cycle ergometey
(5) in normal subjects selected to pro-
vide a range of age and height in the two
sexes, Although the results largely con-
firm previous studies, they may allow a
greater precision 10 be applied to pre-
dictive standards than was previously
possible,

Maethods

Subjects were oblined from the hul
university and the general population by ad-
vertising, and they were recruited by stratify-

ing into § age groups for both sexes until & °

T00

BUMMARY One hundred hesithy subjects (50 male and 50 femals), sslecied 1o provide an sven
distribution of age (35 to 71 yr) and helght (ulf’l)yu em in males and 15210 178 em In I-mlu)
undarwant a progl Ivaly | J {100 kp uch min) s laslic s symp i d
maximum. Messuremants were mada of O, Intaks snd CO.oul.pul vanUlatlon and braathing patiarn,
heari rats and blood pressure, and ratlng of perceived sxertion. The ventllatary snasrablc threshold
was Idantliled. Predictive dais were darived for measursmants at maximal and submaximal exsrciss.
Maximal power autput (Wmax} and oxygen inlsks (\fo.mn] varied with eax {0, mals; 1, tamale},
aga (yr}, and haight (HE, cm): Wmax = 204 (HI) = 8.74 (Age} ~ 288 (Sax) - 1,908 kpmimin (SEE,
216; r, 0.058); Vo,max = 0.048 (HI) = 0.021 (Age) ~ 0452 {Sax) — 4.31 L/min (SEE, 0.458; 1, 0.889). The
axtent of lelsurs Ume sctivily eneried a positive inlluence'on Vo,max {r. 04T, p < o.ou:). Vo,max
was slso mlated 10 lean thigh volume (r, '0.70). Maximal heart rale (HR} declinad as & function of
age: HAmax = 202 - 0.72 {Age} beata/min (SEE, 10.%; v, 0.72), Maximal O, pulse (0;Pmax) was relaisd
10 helght and was systematically higher in males than In fsmales: O,Pmax = 0.28 (HI) - 3.3 (Sex}
- 26.7 mifbeat {SEE, 2.8; 1, 0.86). Ventilsilon wan clossly related to CO, output, and the maximal
tdsl volumeway related to vital capacity, The V0, Incraased Unearly with power throughout the
test; In an Indlvidual subject, tha Intercept of this rlationship was pealively Influenced by welght
and helghl, The slops of HR 10 O, Intake was related o halght, was staeperin females than 1n malss,
and lowsr in active than bn lnaclve subjects, VenUlailon increasad a2 a funcilon of €Oy oulput,
and tidal volumae Increased se & funciion okhelght and vital capaclty. Systolic bloed p In-
cressed Unaarly wllr.n power oulpul and se » funclionof sge. The nnthq\mnmEle thraghold®
(Vat) was related to VO,max {r, 0.79); lelsure activity ad a positive elfect on Vali, but not slter
the stfects of halght and age ware accousted for: Val = f&u (HY) = 0.0074 (Age) ~ 2.43 Uimin
(SEE, 0.316; r, 0.651). Results obialned st st standari powek outputs of 300 snd §00 kpm/min Indl-
cated that age end helght accountsd for most of the varlation betwaen subjects, but HR was sysie-
malicalty higher In lematea than In males of comparable: haight. The results provide a gulde los #

the Interpretation of messuremants obislned In this typs of Lest.

mmmmms?ﬁw—m

.

. total sample of $0 subjecu-hld been ob-

tained for each sex (table 1). We sried also
to obiain equal numbers in 5 grqups on the
basis of welght; although we were reasonably
successful in males, the distribution of
hel;hl. infemales {figure 1). In-
fdrmation regarding previous health, leisure
habits, occupation, exgréise-related symp-
toms, and smoking history was obtained by
questionnaire, Competitive athletes were ex-
cluded, as were subjects with serious illness
in the past or any chronic disorder; resting
systolic and diastolic blood pressures were
required to be below 150 and 90 mmHyg. The
procedures, including the knowa risks, were
described in detail, and informed con-
sent was oblained. Remuneration was not
offered.

The instructions given to the subjects were
similar to the routine instructions sent (o pa-
tients ‘coming to the labortory for clinical
exercise testing (S) Subjects came to the lab-
oratory at least 2 h after their last meal
Spirometry was performed with a calibeated
dry spirometer (Vitalographr); measurements

\

of vital capacity {VC) and forced expiratory
volume In one secon V,) were recorded
at xres. An estimate of lean thigh volume
(muscle and bone) was obtained from an-
thropometric and skin-fold measuremenis (9).

Subjects exercited on a cycle ergometer (Sic-
mens Elema 370) calibrated by torsion bal-
ance, Care was taken 10 place the saddle and

valve mouthpiece in comfortable positions.-

The initial power setting was 100 kpm/min
(16.3 W), increasing by 100 kpm/min at the

(Received in original form Aprd 3, 1984 and in
revised form November 24, 1584)

* From the Ambrose Cardiorespiratory Unit,
McMaster Unlvensity Health Sciences Centre,
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? Requests for reprints should be addressed to
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Centre, 1200 Main Street West, Hamiltoa, Ontario,
Canada LS 4J9.
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end of each min of the 1e1t. Subjects exer-
cased to & yym prom-linited, maximal power
outpul; objective criteria wede established for
a test 10 be stopped by the observers (5), but
nolest was siopped because of these reasons.
A modified lead V3 electrocardiograph was
used 10 measure heart rate and for monitor-
ing purposct. Blood pressure wis measured
by the culf method by auscultation, The rat-
ing of perceived exertlon was obtained using
the Borg category scale (5, 10).

Subjects breathed through a low resistance,
high velocity Hans Rudolph valve {Hans Ru-
dolph, Kansas City, MO} connected on the
inspired 3id® o a dry gas meter (Parkingon
Cowan CD4) and on the expired side toa 10-
L mixing chamber containing & fan, Expired
gas was sampled at 50 ml/min and analyzed
for G, and CO, by & reypiratory mass spec-
trometer (MGA 1100; Ptrkin-Elmer Medical
Instruments, Qakbrook, IL) calibrated by
sundard Lloyd Haldane analyzed calibrat-
ing gases. Data were processed on-line by a
microcomputer (PDP 11; Digital Electronics
Corp., Maynard, MA) programamed Lo cor-
rect for delays between signals for volume and
gas concentration, perform standard calcy-
lations (3}, and present average values for ev-
ery 13 s for the following variables: ventila-
tion (Vz, s1rs), O, intake {Vo,, sTrD), CO;
output (¥co,}, respiratory exchange ratio (R),
tidal volume (VT, ¥123), [requency of breath-
ing (1), and heart rate {HR). The system was
validated by independent measurements using
the Douglas bag method, which indicated the

Fug 1. Hpopam 10 shipe dainbulion of hagit
Males v i lemaks in intervply of § cm.

93% confidence limis 1o be 43 ml/min for
Vo,, 40 m1/min for Vco,, and 1.6 L/min for
VE. The fourth 15-s average for each power
output {45 to 603) was taken as the collection
period for the given power output, Blood pres-
sure (cufl and auscultation) and rating of per-
ceived exertion (Borg scale Indlcated manu.
ally) were recorded at alternate power oulpuly,
. The calculated data were entered Inlo a
Hewlett-Packard 3000 compuler {Hewlett-
Packard, Cupertige, CA) for statlsilcal anal-
yis, uslng the Siatistlca) Package for the So-
cial Sclences (11). Means and sandard devia-
tions were obtained for values In subjects
grouped according to sex, age, height, and
welght; stepwise multiple linear regressl
analysls was performed 1o Identify welghting

of different variables. For most variables the -

correlation coelficient (r) is reported with the
standard error of the estimate (SEE). Rela-
tionships were examined between the variables
measured during exercise and also to test the
statistical effects of independent varisbles
using analysis of variance.

Rasuits
Subject Characterisiics
The scelection criteria ensured equal
numbers of subjects in sge decades (La-
ble 1) and & range of heights {figure 1).
The extent of physical activity in lelsure
time in the past year and of occupation
were graded according to the responscs
to a questionnaire similar o that de-
scribed by Saltin and Grimby (12). The
range of active exercise in leisure time
was similar in males and females, and
there was no significant effect of age (p
> 0.1); there were 26 subjects in Grade
1 (exercising less than | h/wk), 42 in
Grade 2 (1 10 3 h/wk), 23 in grade 3 (3
to 6 h/wk), and 9 in Grade 4 (more than
6 h/wk). Occupational activity was slso
similar in the two sexes; 54 had seden-
tary occupations, 30 had occupations
requiring some walking, and 10 had oc-

cupations mssoclated with constamt
standing or walking; no subject had on
occupation that required heavy manual
labor; in 6 subjects, occupatlonal infor-
mation was unavailable, Smoking his-
tory was similar in males and females:
50 subjects had never smoked, 31 were
previous smokers, 13 were smoking leas
than 15 cigarettes per day, and 6 more
than 15 per day.

Variables at Maximol Exercise
The highest power outpul completed
(Wemna) showed significant correlations
to size-related variables and to age and
sex (table 2), In males, welght did not ex-
ert o significant effect once age and
height had been taken Into account in
stepwise regression, but & minor effect
was Tound In females and when data
from males and females were combined
{1able 2). Leisure activity was associated
with an Increase In maximal power out-

~ put-(Wmax); ws Indicated In the follow-

Ing equation: Wmax = 12,7 (Ht) - 9.1
(Age) — 275 (Sex) + T7(Lel) + 5.6 (Wt}
= 1133 {SEE, 204; r, 0.877), where
Wmax is expressed [n kpm/min, Hi in
cm, age in yr, and Wt ln kg; sex 15 coded
0 for males and § for females, and Lei
Is graded 1 1o 4. OF the variables we
measured, the single variable associated
with the least variance was the VC:
Wmax = 135 (VC) - 439 kpm/min
(SEE, 212; r, 0.36), where VC is In Jiters.

Maximal oxygen intake (Vo,max) was
closely correlated to Wmax, and similar
predictive equations were obtained for
both variables (table 2} In which height
{r, 0.78 for Lhe total population), sge (r,
~0.43) (figure 2), and weight (r, 0.66)
contributed significantly to the predic-
ton equations in males and females;
however, once height and sge had been

g

-
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PACICTIVE EQUATIONT FON VAIGADLES AT MAXIMAL POWER QUTPUT'

Halgh Age Waeight

Varabia e {om} ) [11:4] Constant GEE '
Plwas oulpul, Epmimin M w3 -0.00 - 21689 @:49 0.7
v LX) -1 81 - 158 177 G084
- 280 204 -87 - 1908 215 0850
- 249 162 -98 5.8 - 1640 213 0.063
Osygen weake, Umun M 0.034 -0.028 - Q022 -3.74 0.483 0.749
[ “0.023 -0.018 0.010 -2.20 0.388 0.858
-0.024 0.040 - 04 =431 0.458 0.580
=0.402 0.022 ~0.024 0.010 =317 0.441 0.881
Haurt rals, basla/min M =0.80 200 1.8 0.723
r -0.82 188 ag 0.730
~0.72 202 103 omn
Osygan ﬂn_ mubaal [*] 0,042 - 44.0 33 0502
4 0.1 =214 23 0414
-33 Q284 -20.9 24 .88

T Fos pquanons spplcebie 10 beth rase mals b6 coded 0, lemale i coded 1. Iank spaces Indcats e insipraficant eiect far
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entered Into the analysis the addition of
weight contribuled only » small reduc-
tion in varlance (change in r, 0.021).
When Vo,makx was expressed per kilo-
gram, the effect of age was described

by the followlng- squations:—males:— (Sex) + 0,019 (W) + 0.15 (

Vo,max/kg = 35 . 0.44 yr ml/min/kg
(SEE, 6.5; r, 0.71); females: Yo.max/kg
= 4} .0.36 yr ml/min/kg (SCL, 6.6: r,
0.64). The Vo,max was correlated to lean
thigh volume n males and females (fig-
ure 3), as expressed in the following equa-
tlon derived for the total population:

Yo,max = 0.306 (tv) + 0.082 L/min

£t (SEE, 0.558; r, 0.79), where lean thigh
) uscle plus bone) volume {tv) is the sum

of bath thight In litgrs. As with Wmax,

NS

~VC was closely correlated to Vomax:
Vo,max » 0.74 (VC)- 1.04 L/min (SEE,
G.47; 1, 0.86) (figure 4).

Taken by {tself, the grade of lelsure ac-
tivity had a highly significant (p <0.01)
and linear effect on Vo,max, even when
the ¢ffects of age and height had been
accounted for; when data f/m both
sexes were combined, Vo,max increased
from 197 % 0.80 L/min in grade 1 to
2.15 £0.76 in grade 2, 2.84 + 0.85 in
grade 3, and 3.10 = 122 in grade ¥
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Fig 2 Omygen inishs st mazimal susrcies related 1
400 = malys and in lomiles.

{ANOVA, p < 0.001), The following equa-
tion expresses the effect of leisure activ-
ity on the prediction of Vo,max from age,
sex, helght, and weight (table 2): Vo,max
= 0.025 (HY) - 0,023 (Agl:) = 0.542

-232
(SEE, 0.415; r, 0.892). .

Statistleally, the effect of leisure activ-
ity was similar to the effcct of age alone
{r, 0.47 in both cases). A comparison be-
tween the effects of age and Ieh“v%-
tivity may also be stated in equivdient
terms — the differente in Vo,max between
subjects exercising less than 1 h/wk and
those exercising more than 6 h/wk is the
same as between a 60-yr-old male and a
25 yr-old male.

Occupatlional activity did not exert a
significant effect, but few of our subjects
were in highly active occupations.

The HRmax showed a lincar decline
withageln both sexes (figure 5 and table

2}, with nq other [actors being ldentified.
Maximal oxygen pulse (Vo,max/HR
max) was related to helgh: (r, 0.79) in the
to[gl population (figure 6) and in males
and females separately (table 2). For a
given height, females had a lower max-
imal oxygen pulse; this effect may be al-
lowed for In the prediction equation glven
in table 2. Age had by jtself a minor cf-
fect on maximal oxygen pulse (r, —=0.32;
p = 0.013) and did not reduce the vari-
ance of the linear regression with helght.

Systolic blood pressure at maximal
power output increased linearly with in-
creasing age from a mean of 165 mmHg

ges 1510 25 yrto 184 mmHg at ages
55to 65 yr.

Ventilation at maximal exercise was
related to the subject’s YC and FEV,:
Vemax = 26.3 (VC) - 34 L/min (SEE,
23.1; 1, 0.78); VEmax = 10.56 (FEV,) -
29 L/min (SEE, 23.9; r, 0.76). The max-
imal tdal volume showed a relatlonship
to VC, with no effeet of age or sex belng
found: Yrmax = 0.74 (VO)— LIl L
(SEE, 0.54; r, 0.86).

Evolutlon of Varlables through
Progressive Exerclse

The results obtained

puts were examined

relationships. Ox

linearly with power output:

(W) + 0288 L/min (S

«r

examined In individual/subjects to ob-
taln a slope {8 Vo, W3 and intercept (Vo,
at zero W) for each subject. Small but
significant (p < 0.01) effects of age and
weight were found in the slope, suggest-
Ing that increasing age was associated
with a reduction in the Increase in Vo,

M $.04 . -
. .
a 4.0 3
-3 . o' .
- . . 3
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. Fig. 3. Masinal oxygen upiake related b lsan thigh vohume (muschs and bons, Sum of both thigha) In males

and females.
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with increasing work and that weight
had a pasitive effect; both these gffects
were quantitatively small: SVo/W =
0.16 — 0.00046 (Age) + 0.00030 (W)
(SEE, 0.00018; r, 0.44), where Vo, Is ex-
pressed in L/min and W in 100 kpm/
min.

The intercept was also influenced by

size, almost equally by height and
weight: Vo, at zero W = 0,0055 (W() —
0.027 L/min (SEE, 0.027; r, 0.47); Vo,
atzero W = (,0059 (Ht) ~ 0.670L/min
(SEE, 0.018; r, 0.47).
_ The linear increase in heart rate with
Vo, was used to construct a regression
equation for each yubject to obtain &
slope (SHR/Vo, beats/L} that was sig-
nificantly related to size variables but was
more variable for females than for males.
Males: SHR/Vo, = 144 — 0.59 (H1)
beats/L (SEE, 9.3; r, 0.41); females:
SHR/Vo, = 170 — 0.65 (Ht) beats/L
(SEE, 14.6; 7, 0.24); males and females:
SHR/Vo, = 116 = 0.61 (Ht) + 15.5(Sex)
beats/L (SEE, 12.2; r, 0.72).

Age had no effect on these relation:
ships, but there was a signficant nega-
tive correlation to sctivity grade, the slope
being stecper at lower grades of leisure
activity, consistent with the known effect
of 1raining on heart rate (p = 0.03).

Systolic blood pressure {BPs)increased
linearly with increascs in power output:
BPs = 123 + 0.045 (W) mmHg (SEE,
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Fig 6. Oxygen pulse sl maximel exsrcise (Vo,man/
HRAmax) relsled 10 haight in males and in lemalas
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21: ¢, 0.69), where W iz cxpressed in
kpm/min. The slope of this relationship
was not influcnced by height but In-
creased with increasing age; theslope In-
creased from 4.0 mmHg for cach 100
kpm/min ncrease in power at age 20 by
1.0 mmHg per decade, as expressed In
the following equation: SBPy/W = 1.8
+ 0.105 (Age) mmHg/100 kpm/min.

The ventilatory “anacrobic threshold™
{Vat) was [Jentified for cach subject ns
the Vo, at which Ve Increased disprapor-
tjonately to Vo,, with an Increase In the
Q, concentfition in mixed explred gas
and no changein CO, concentration (7).
Mean Vat was 1.64 L/min x 0AI6 in
males and 1.23 £ 0.299 In females; Vat
was closely related to Vo,max, and once
this variable was included in a regression
cquation, no other variable (age, height,
sex, weight) showed a significant effect:
Vat =, 0,35 (Vo,max) + 0.60 L/min
(SEE, 0.257%; 1, 0.79). This relationship
teads to suggest that the higher the
Vo,max, the lower the ratio of Vat/
Vo,max. The Vat occurred at $6% (5D,
12) Vo,max In males and at 74% (5D,
14) Vo,max In females, consistent with
the relationship of Vat to Vo,max in the
total population. A similar effect was
jdentified for age; Val/Vo,max increased
from 60 £ 16% st age 201075 & 17%
at age 60 {p < 0.05). Therc was little
change in \{ll!%,mu with leisure ac-
tivity; Vat/Vo,max declined from 69
16%-in Grade 1, 10 59 £ 19% in Grade
4 activity (o < 0.05).

Vat showed significant {p < 0.001) rela-
tionships Lo size variables, increasing with
increases in height (r, 0.60) and weight
(r, 0.54) and decreasing with age (r
0.40), as cxpressed in the following equa-
tions derived for the sotal population: Vat
= 0.024 (Hi) — 0.0074 (Age) — 243
L/min (SEE, 0.316; r, 0.651); Yat = 0.011
(H1) - 0.0094 (Age) + 0.012(Wi) - 0.92
L/min (SEE, 0.306; 1, 0.6%)..

Ventilation below the Vat Increased
Linearly with Vo,: Vs = 21.8(V0,) + 5.1
L/min (SEE, $4; r, 0.87). A closer reld-
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Fig. 7. Tidal voluma in susrcise related W0 rentiation
and haight. Curves wers construcied from data ol
talnad 81 sach power culput in sublects categoriaed
lnio 3 groups sccoiding o heighl. Mean costiicien! of
valance = 12% (B0 limaa 100).

tionship was found to carbon dlux?‘fc
output {Vco,): Ve = 23.9 (Vcoy) + 3.4
L/min (SEE, 1.6; r, 0.94); Vo, and Yco,
are expressed in L/min In these equa-
tions.

There was a nontincar Increase in Vv
with Increasing Ve; at any Va, Vr 1n-
creased with Increasing helght {flgure 7)
or VC. The pattern of breathlng was also
enalyzed in terms of the time spent in
inspiration (Ti) In relatlon to the total re-
spiratory time {Tiot, 60/() in & represen-
tatlve sample of 40 subjects. Both Tiand
Ttot progressively shortened with Increas-
ing exercise; Ti/Tiot remalned relatlvely
uinchanged, belng 0.36 + SEM 0.052,
and 0.43 + 0.033, st standard levels of
Vi of 20 and 60 L/min, respectlvely.

Variables Measured ot Two Siendard
Power Quipuiz
A third approach taken to the Intecpre-
aation of submaximal exerclie test
results was the analysis of messure-
ments made at two submaxlmal powcr
outputs, 300 and 600 kpm/min.

At 300 kpm/min (1ables 3A and 3B),
there were no differences between the
sexes and no effects of age In Vo, Vco,
R, or Vr; Vr was higher and HR was
lower in males than In females (p <
0.001), but there was no ¢ffect of age on
these two variables. Systolic blood pres-
sure was simitar in males and females
but Increased significantly (p < 0.01}
with age. When varisbles at this power
output were analyzed for the effect of
height {table 4A), ao differences were
apparent between the sexes. In any vari-
able except HR; at each height, HR was
about 20 beats/min higher in females
than In males. Significant Increases with
height were found for Vo, (p < 0.001),
Vo, (p < 0.00), ¥ (p < 0.01), and Vr
{p <0.01). No effect of height was found
on HR, unless expressed in terms of Vo,;
oxygen pulse (Vo /HR) increased with

ng height (p < 0.001). There was
mhd;hl on_BP1 Rating of
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TADLE A
MEADUNEMENTE AT 300 KPM/MIN IN AQE CATEGORIES (MALES)

Age Vo, veo,

va vr HA By
) gin)  (Limin) A Wmin) L) (bealymin) (mmig)
w;;‘,,, ‘u&: 0.82 oM 29 1.60 104 130 only 8 modest populatlon sample co,
[/]s] ‘O 199 0:1“ 0006 4.00 0.859 1.7 133 paICd W’lh ‘hc many studics af mmmal
2.3 095 01 081 245 191 o8 127 exercise performance, care was taken to
B0 0183 0100 0128 108 o718 101 . obtaln a distribution of some of the
L 3as 0 013 o 243 .78 02 sl o~ main variables that influence exercise
80 0109 0100  0.077 n62 0528 1Y} S \\\gxpacily that was representative of the
@-ta 087 o 042 228 134 0 128 pulation referred for exercise testing.
B0 0426 0121 0074 885 0.264 0y . \‘_j; wished to avold a weighting of the
85 088 om 0.89 28 V.48 08 167 tesults by uneven grouping of age, size,
BD G108 ¢.088 0073 .78 Q.14 10.9 " or fitness by mcrumng a populallon
Totgt 0.2 ars 082 ne 163 L 133 containing equal numbers of males and
60 0148 0143 0083 837 0604 121

Dehniign of abbrevialions: VO, = gryen inlake; VCO, = €a1bon diowkie ouipul; A « resplraiony eur
shange 1aho. YE = Minvie venilalion. VT « Udal volume, HA = hunuh;lﬁ- = pysiolid biood

Ll ]

TADLE 20
MEASUREMENTS AT 300 KPM/MIN IN AGE CATEGORIES (FEMALES)
Age Vo, veo, ve vr HA BPy
) {Lanin)  (Limin) A {LAmin) (L) (baatuimin) (mmbg)
8-24 081 ‘087 0.82 207 1.10 2 138
60 0081 0082  0.083 281 0104 16.2 .
%3-34 0.07 e72 - 0.4 .y 1.23 124 142
80 0182  Omd 0as? 274 0008 208 .
344 [-2 ¥] on 0.87 2.0 1.28 11 148
ED 0084 008 0087 220 020 14 .
43-84 085 ore  oa2 20 (ET ur 181
€0 o041r Q083 ° 0088 442 0313 8.8 .
s6-85 0.9 0.60 oer 24 1.08 2 153
BD 0.3 Q132 0056 BO2 0200 128 .
Total 0.0 o.70 0.85 218 110 1 m
§0 018 0004 0080 a7 0243 159 150
P deiviiion of abbrevistions, boe labls JA
" You lpw Sbesrvalend 3 thiculsie BO.
perceived exertion declined with In- Discussion

creasing height.

AL 600 kpm/min (tables SA and 5B)
in males, there was & trend for Vo, to de-
crease withage (p = 0.02}, but Vico, and

_ VE were similar at all ages; R increased -

with increasing age (p < 0.005) In con-

trast, in females at 600 kpm/min, sig- -

nificant (p < 0.001) increasing effects for
age were found in Vco, R, VE and Vr,
with Vo, being similar in all age
groups. For bothmales and females, HR
wat unaffected by age, but BPs in-

creased with age (p < 0.02). When vari-

ables were analyzed to identify the effect
of h:uhl (table 4B), Vb, increascd with
increasing height, but Vco, R, and v
decreased (p < 0.001); BPs was un-
affected by height. For a given height
the only varfable to show a significant
difference between the sexes was HR,
which was 20;}0 40 beats/min higher In
females. The rating of perceived effort
decreased with increasing size.

The present study represents an attempt
to obtain predictive data for the analysis
of the results of a standarized progres.

.sve cxercise test on a cycle ergometer (5)

used to assess patients with impalred ex-

ercise tolerance. As such it may be criti-

cized on two main grounds: first, that
the papulation was not large enough to
provide an adequate sample to establish

*normal standards,” and second, that
no new information was obtaindd re-
garding the physiologic responses to ex-
ercise in health. Both criticisms are to
some extent valid, as many studies have
presented data obtajned in larger num-
bers of .subjects, and the responses
found in this study are in agreement
with concepts that have been widely ac-
cepted for decades. The contribution

made by the study lies in the weighting-

of different factors that influence per-

. formance to provide improved precision

females, and In age groups, a range of
heights and a level of habitual activity
representative of the general population
(13). A number of findings suggested
that the sample represented a gimilar
population to other studies of exercise
and pulmonary functlon. First, the rela-
tion b&lyxn height and weight was
the sarfic as [n the genersl population
(13). Second, the values for Vo,max,
whether expressed in absolute terms
(figure 2) or per kilogram body weight,
were almost identical to those in the
literature, as discussed in more detail be-
low. Third, regression equations calcu-
lated from our data to relate vital capac-
ity and FEV, (o sex, height, welght, and
age yielded similar prediction equations
to those in current usc (14). The number
of subjects represented a compromise

between atrue population studyand the

number of subjects in whom we could
make accurate measurements of all the
variables that we thought Important.
Previous population studies of Ve,max
in Europe (1-3) and North America (I,
15,16) have shown a remarkable unifor-
mity in the lindings despite different test-
ing methods, protocols, and criteria for
the measurement. In North America,
most have employed an incremental
treadmil] protocol (15), and some have
used discontinuous “supramaximal” ex-
ercise to establish a plateau value for
Vo,max, & lechaiquc that is not applic-
able to clinical situations. Because Vo,max
measured in treadmill exercise is about
10% higher than in cycling (2) in young
subjects, one approach Is 1o use as
predicted Vo,max for cycling tests 90%
of the value established for treadmill ex-
Rrcise, when interpreting the results of cy-
¢cle ergometry (6). Dehn and Bruce (15)
reviewed 17 cross-sectional studies in
males, comprising 700 cbservations in
treadmill exercise to derive the follow-
ing equation: Vo,max = 57 — 039 yr
mi/min/kg. which Is closely comparable

~
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TADLE 4A
MEASUREMENTS AT 300 KPM/MIN IN HEIQHT CATEQORIES

to that reporied above, Similarly, the
same relationship derived by Drinkwater

of Vo,max/kg in the present study are
closely comparable to those of the lasge
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relation to lean body mass, or the obese
will be wrangly assessed as impaired. A
recent study by Hansen and associntes

A
o v veo, v v u,..:‘m, (6} of 77 shipyard workers, one third of
o i N M —_ 0Ps whom were abese (weight greater than
feml fLamn)  tAna) i i) ®) M F__UnmHg) NPE |20% of that expected for helght), sup-
pe
< 180 0.3 014 0.90 225 (BT ‘ 20 143 a3 ports an .ppmnch that uses nge, sox, and
50 0.152 [AF] 0.008 a0 [ F4] 114 hIN * hciﬂht o pmdlcl ng‘u (s)' Hnmen .nd
o /gf";d e e\ ema Ny 'n, % assocates(§) werabloto show that when
1es-170 0.62 0.8 0.8 209 123 [l 113 H 8 .Y°'"‘”‘|‘.‘."'a‘pi'°§'°‘°f by?hcw“-ﬂ“lw‘:.
50 omz 0088 007 347 o2 w4 w3 sz - -ormal® weight uslng the equation o
0-175 088 072 082 220 ' a8 " " 120 20 Bruceand colleagues {17), the values were
S0 0138 oan 0.068 AM 033 128 20 . + closetothose measured in a progressive
175180 0.0 o ore 224 100w 128 2% cycle ergometer test similar to the one
S0 0068 0088 0.068 a8 0834 170 . = used in the present study, The corrcla-
180-185 085~ o8 0.64 253 1.8 N 125 17 tion coefficlents and errors of estimato
50 008t 010y 0.084 e 1ne ' * oftheequations derived in ourstudy are
> ';—; ;-I‘J:‘ g-"':’ 3‘73, '-I‘:f :2‘;0 ':: . 120 10 closely comparable to those of Bruce and
- " - - : : ) : collengues (17) for males, and Drinkwater
Tow) 087 orn 0.8 27 1.40 o " 1z © and coworkers (16) for I"emnles: the vari-
S0 0138 0124 0.007 508 0802 124 187 na - ance In results also agrees with the large
D-‘m-:n-uw RPE = rating of parcaived s1acion Fos oiher dellions, ses Lable 34 surveys reported by Shephard (1). In
oo lew abdervalong 1o cakcuiste §0. . declding which equations are most np-
TABLE 48 ) propriate in Interpreting test results, it
MEASUREMENTS AT 600 KPWMIN (N HEIGHT CATEGORIES" should be noted {table 2) that although
- correlation coefflclents aro higher for the
equations derived from the total papu-
Haght vo, Veo, Vi vr peaishnle) BP1 lation, the estimatlon ecrors are in some
{em) {lamin)  {Limin) R {LAmin) ®) M r tmmtg)  APE  instances smaller when males and fe-
< 180 130 s L8 432 ves " 160 eo males are consldered scparmicly.
SO 0.7 0380 0944 848 D108 9.6 120 t The Improvement [n Vo,max that fol-
160-185 130 144 111 “wr 112 183 151 a7 lows s training program of Increased
) ane oMl o8 740 0258 108 184 t  physlcal activity 1s well eatablished, Thus,
185170 1.3 120 097 304 17 124 147 1 41 amajor factor that may sccount {or the
) 0128 0178 0123 656 0IM w4 123 123t varation In Vo,max In subjects of glven
W15 a2 138 0.98 ane 1.8 13 144 188 38 age sex, and height Is thelr *fitness.” It
T S0 01523 0158 0.8 T8 0. 108 ns 38 ' was of Interest that a crude index of
~ AT1s-180 181 1n o LTYY 224 14 150 030 ,
N 0 0145 0070 . 0OF7 543 o&T 27 170 1 h‘;’m’“‘;‘ llcl?hm‘% sctlvity d:l:dﬂc?lmly
Lw-lu 1.44 132 002 7o .0 m 163 L X} :tc;lu ded lubj?c:l lln:';'me;ﬁllv::lghlen:
s0 0088 0099 0063 2400 033 "3 1
s 155 138 088 33 M W we 24 (training. For some applicatlons, It may
50 c.108 \F.m 0.042 az 1900 173 180 t  bedesimble to take factor into ac-
Tow 10 i om Ma 1M e wm Lo v countinaprediction of Vo,max; an equa-
sD 48 QAT Q047 849 08582 10 12.0 12 t  ton that Included the lellu% activity
grade was able to predict the Yo,max of
':mm:wu:n:h:-nmumwumm our subjects with a residual varlance of
1 Tos o sbssrvevens s cauists B0, . 20% (figure B), ’
' T Two other approaches were examined

in the present study to estimate Vo;max
from estimates of lean thigh volume (flg-
ure ) and measurements of VC (figure

and colledgues (i6) in a revicw of 29  studies of Shephard (1) and Astrand (3)  4), Buskirk and Taylor (4) found that fat-
studies of females was close to that of  in which cycle ergometry was employed.  free body welght (underwater welghing
the present study: Vo,max = 44 — 0.3 Buskirk and Taylor (4) made the im-  and thlocyanate space) correlated closely
yr mi/min/kg. The equations reporied  portant observation that Vo,max was  (r, 0.85) with Vo,max Ia Joung males.
imthese 2 studies, predict Vosmax to be  more closely related 1o Indexes of fat-free - Also Davies and Sargeant (18) and Da-
41.4 ml/kg/min for 2 40-yr-old maleand  weight or active tissue volume than to10-  vies and coworkers {19} that lean
31.6 mi/kg/min for a 40-yr-old female, wlbodyweight, and pointed outthatal- leg volume measurements

compared with 7.4 and 286 ml/kg/min,  though the capacity lo perform running  closely with Yo,max in subjects of vary-
‘respectively, in the present study, both rk will be related to Vo,max per kilor  ing racial characteristics and In the obese
values being some 10% Jower, consistent body weight, when sssexsing the  and the nonobese. Although there areln-

with the established differences between
treadmill and cycling exercise. The values

capacity of cardiorespimatory mecha-

. nisms Vo,max should be considered in

sccuracies inherent In the measurement
of lean thigh volume (18), In the present
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TADLE A
MEABUREMENTS AT 800 KPMIMIN IN AGE CATEGORIES (MALED)

Age Vo, veo, \71 vr HR [T
i) smdn)  |Lmin) R (iAmin ) {L)  (bestwimun) {mmiig)
18-24 183 139 0.92 e 2.3 122 182
B0 0116 oO0M 0073 243 1.08 148 e
25-34 148 1.28 0.80 30 mn 12 143
B0 0008 0123 0.083 8.00 0.050 128 259
28-44 1.50 132 0.80 s 235 m 148
6D 0.144 0.075 0.074 [ F4] 0.650 201 10.3
AB-i4 1.42 1.28 0.00 3.5 1.92 "2 157
8D 0.002 0.102 0.083 2.7 0.380 e 12.5
6465 1.35 1.3% 1.00 38.7 207 123 174
5D 0140 0340 0.100 431 o262 13.0 240
Total 148 1.3 0.9 08 2.19 118 154
80 0120 06 0.080 433 oee 8.0 1wy
Por Gulirilion of abbievieliona. 45e table A
e
TABLE 508

MEASUREMENTS AT 800 KPM/MIN IN AGE CATEGORIES (FEMALES)

Age vo, veo, va v HA 8Py
Uad] (LAmin)  (LAnin) R {LAmin} (L) {beatyimin) (mmHg)
15-24 1.% .30 0.89 b A 1.40 154 140
8D 0.129 0.241 0122 805 0.193 150 124
25-34 1.04 w27 on 8.3 (8] 150 14
50 0.180 0449 0.188 T.07 0.280 77 19.2
28-44 {1 143 1.0 a2 1.8 154 152
5O 0.108 0.123 0113 h%/ ] 0312 a8 10.3
45-84 1.38 1.48 1.10 42.3 1.49 181 157
[ 10 0,520 0.180 0.1 .30 ‘0.280 121 1.3
85-83 127 1.53 12 460 1.78 188 {LH
ED 0.138 0189 0.8 8.00 0.2n 122 205
Tolal 132 1.40 1.07 0.4 1.70 153 149
123 0.337 ©.20) 0.932 893 0288 14.2 13.8

For sahnition ol abbrevialions, ses labls JA.

sudy a close {r, 0.78) relationship was
found between lean thigh volume and
Vo,max. This measurement may be of
help in predicting Vo,max, but as there
were few obese subjects in the present
study, we were unable to show that it was
any better than age and height (lable 2).
The interesting finding of Kannel and
caworkers (20), in the large prospective
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Framingham study, that VC was predic-
tive of cutcome from coronary artery dis-
case prompted an examination of VCas
a predictor of Vo,max. As a single vari-

able, YC was a powerlul predictor of
Vo, max {r, 0.86), and the relationship was
relatlvely unaffected by sex and age
Thus, as the vital capacity Is closely
related to other size variables, deteri-
orates predictably with age, and Is prob-
ably related to the size of other organs
that may influence exercise performance
{such as the heart), it miy represent a reli-
able predictor of maximal exercise capac-
ity in subjects free of resplratory disease,
However, the variance is no less than the
equations employing sex, age, and height
{table 2), and as in many subjects referred
for exercise testing, it may not be possi-
ble to exclude significant respiratory dise

easc; the predictive equations in table 2,

are more applicable generally. The results
support the conclusion reached by Han-

sen and colleagues (6) recently-that age
and height are more reliable as predic-
ymax than arc age and weight,

Of the other varlables measured at
maximal exercise, heart rate was shown
to vary as a function of age in males and
females, the relationship (figure 5) being
indistingulshable from that presented by
many larger population studles In the
past 50 yr (2). The relationship between
heart rate and O, intake yields Informa-
tion regarding the cardiac stroke volume
that depends on the well-established lin-
ear and precise relationship between
cardiac output ‘nd Vo, (21). Thus, the

“oxygen pulse”™ al maximal exercise
(Vo,max/HRmax) refiects maximal
stroke volume. The values obtalned in the
study suggest that a normal value may
be predicled from height (figure 6) to-
gether with sex, the correlation coeffi-
cients (table 2) being high enough for
predictive purposes. The values presented
here are in agreement with those of Han-
sen and associates {6) in obese and non-
obese males. The ventilation in maximal
exercise (Vzmu) was closely related to
maximal Vco,; the relatlonships of Ve-
max to the FEV, and VC indicate that
in normal subjects the ventilation In max-
imal exercise reaches about 70% of the
maximal voluntary ventilation, either es-
timated from FEY, times 35 or directly
measured (6, 22).

Although normal values for many vari-
aples at maximal exerclse are reasonably
wellestablished, data at submaximal ex-
Is are imited to studies of rela-
| numbers of subjects and are
not easy to use in interpreting ise
tests carried out Ih subjects of dilferent
ages and sizes, One of the objecti
the present study was to obtain data that
might improve such predictive standards

for heart rate, ventilation and tidal vol-

ume, and blood pressure in submaximal
exercise in a group of subjects defined
in terms of maximal exercise capacity.
Several approaches have been used in the
past, and some of these were tested in
the present study; all use the general prin-
ciple of relationships between dependent
and independent variables, either
through the whole exercise test by con-
structing regression equatfons or at stan-
dard submaximal power outputs or oxy-
gen Intakes. An approach that uscs the
measurements obtained at all the In-
cremental power culputs is attractive, in
that expressions may be derived to de-
scribe the evolution of responses to in-
creasing exercise. Also, by using all the
measurements, variation may be mini-
mized by reducing the reliance on a sin-
;lcnlue. In the present study, as in many
previous reports, 2 dmc rdmonsh;p was

p—
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found between increasing power (W) and
Vo, that is conventionally used as an in-
dex of the “mechanical efficiency” of the
1ask being carried out. The resultsof the
present study, in agreement with many
studies In the past (2 and 3} among
others), demonstrated that in cycling ex-
ercise there Is little variation in efficlency.
The small effect that size and age had
on the slope of the relationiship Is of lit-
tle importance within the ranges of size
and age usually encountered in an exer-
cise laboratory. However, body size, by
influencing the Intercept of the relation-

hip in a subject through its effectonthe

'o, at rest or during unloaded cycling,
will influence the Vo, obtained at a given
power outputl, Wasserman and Whipp
{23} pointed out that the oxygen cost of
unloaded cycling was linearly related to
body weight; the coefficient calculated
by Hansen and associates (6) to express
the increase in Vo, in unloaded cycling
as a function of weight (0.00589 Wi) is
very similar to the effect of weight on
the intercept of Vo,/W (8, at zero W)
in individuat subjects of the present study
{0.0055 Wi).

The heart rate response to exercise may
be described by alinear regression equa-
tion that relates the increase in heart rate
to the Increase in Vo, through the test
(SHR/Vo,); this slope was proposed as
an index of physiclogic strain by Spiro
and colleagues (24} In an fuvestigation
of the normal responses to an identical
exercise protocol to the one used in the
present study, Thelr findings were siml-
lar 10, those of the present study:
SHR/Vo, was 42 beats/L. in young and
old males, 63 beats/L in women youn-
ger than 40, and 71 beats/L in women
older than 40; the differences between
mates and females were accounted for by
differences in lean body mass, in agree-
ment with the findings of Cotes and
coworkers (25). In the present study,
height was the best predictor of this slope

- in males and females, and the prediction

was not significantly influenced by age
Using the above mentioned prediction
equations, the slope was 44 beats/L in
a male 170 cm in height and 66 beats/L
in a fenale 160 cm In height. The preci-
sion of the calculated slope depends on
an adequate number of observations and
an absence of a spurious tachycardia at
the lower work loads; these two factors
may account for the variability found in
the present study in regression equations
relating slope 1o height in female subjects.
Thus, the O, pulse at maximal exercise

is probably prefeable to the SHR/Vo,

as an index of stroke volume in routine
exercise studles. If a prediction ls required
for the slope of HR 1o Vo,, this also may
be indirectly oblained from predicted
values for HRmax and Vo,mux (3).

Systolic blood pressure increased
linearly with power output In all subjects,
but the increase was greater in older sub-
Jects. This finding is in agreement with
the Mndings of Tornvall (26) and Granath
and coworkers (27) and suggests that the
interpretation of blood pressure changes
with exerclse should take the subject's age
into account; an increase that may be
within the normal range for an elderly
subject may be outside the normal range
for & younger subject. Although the In-
crease In blood pressure with excrcise for
various stages of essential hypertension
were well described by Sannerstedt (28),
the clinical implications of an abnormal
rise in blood pressure in exercise have yet
to be estabiished.

The increase in ventilation with exer-
cise showed a close relatlonship lo the
increase in CO, outpul, as established by

. many studies in the past (23}, and Indi-

cated that the compoenent responses in
terms of alveolar ventilation and the ra-
tio of dead spaceto tidal volume are quite
uniform [n notmal subjects and relatively
unaffected by age and size. Although
larger subjects show larger tidal volumes
at a given power output, thus tending to
reduce the Vo/Vr ratlo, they also have
a larger alrway dead space, which pre-
sumably offscis this effect; pulmonary
gos exchange mechanisms in exerclse were
reviewed in a recent symposium (6, 29).
As demonstrated In previous studies (30),
the increase intidal volume with exerclse
is not linear, tending to increase malnly
at fow and moderate powcr outputs and
relatively less as exercise becomes heavy,
Some researchers have analyzed the V1
response to increasing Vi into 2 intersect-
ing straight lines—a lower linearly in-
creasing VT up to a maximal value, and
an upper partion in which increases in
ventilation are brought about by incresses
in the frequency of breathing, with Vr
semaining coastant (31). The finding of
a curvilinear responsé of Vr to Ve, the
position of the curve fa an individual be-
Ing influenced by height (figure 7) of lung
size a5 reflected In VC, Is consistent with
the curvilinear relationship between vol-
umec changes In the cotal respiratory sys-
tem and respiratory muscle forces (32},
and of optimization of respiratory mus-
cle effort (33). .

A [linal'approach to Interpretation of
mrdsdauthaghubcenuwdlnlhe
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past is bated on measurcments made w1
standard power outputs or Vo, Lt isclear
from our data that in addition to age (ta-
bles 3 and 3) the effect of helght (table
4) muast be taken into account alse In such
an anafysis. As helght in our population
was {airly evenly distributed, it may ac-
count for differences between the pres-
ent results and previous studies. In the
study of Spiro and colleagues (24) data
were analyzed into 4 groups according
to sex and age (20 to 40 and older than
40 yr of age). Otherwise, slmilar conclu-
sions may be drawn [rom the data, a3 out-
lined previously for the contlnuous vari-
able approach, Sensltlvity of the analy-
sis at a standard power output I3 likely
10 be similar, but an approach based on
measurements at many levels of exercise
Is likely to be more preclse because of
the reduction In random vaclation that
may occur ut a singlo power output,

Measurement of the “anaerobic thresh-
old” has been popularized by Wasserman
and colleagues (7) as an lmportant Index
of exercise pecformance anid fitness. In
the present study, we used thelr criteria
to Identify the Vo, at which Ve Incrensed
disproportionately in relation to Vo, be-
cause of s relatlve increase In Yco, —Lhe
ventilntory anaercbic tAreshold (Vat), A)-
though Initlally the normal varlation of
Vat expressed as s percentage of Vo,max
was thought 1o be quite small (34), sub-
sequent applications of the measurement
to population studies have shown a wider
varlatlon; the findings of Hansen and 4s-
sociates (6) are almost {dentleal to those
of ihe present study; these workers
reported a normal range of Vat in thelr
male population of 40 o 78% (mean,
36%) of Vo,max and proposed a normal
Jower Limit of 40% of predicted Vo,max.
The variation In messurements of Vat ln
the present study was higher than that
of Vo,max when relatlonships to age and
height were examined, with s correlation
coelficient of 0.63, compared with 0.87,
as was also suggesicd by the resulus of
some but not all previous studies. In an
early study, Wasserman and colleagues
(7) reporied anacroble threshold mens-
urements In 85 healthy subjects that var-
ied between 45 and 180 W “depending
on age and pl fitness,” but com-
pasisons with Vo, were nof made; figurc
7 of their report Indleated higher aver
age values for males than for females.
Although mean Vat was higher [ the 3]

male subjects reported by Weltman and
Katch (35) the male subjects In our
study; they young subjects with rel-

atively high Yo,max (51 ml/min/kg); our
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data are similar i allowance Is made for
these differences. Yoshida and coworkers
(36) In young males found a variance of
12% In Vo,max compared with 20% for
Vai, but Sue and Hansen (37) report a
similar variance of 18% for both meas-
urements in the shipyard workers stud-
led by Hansen and sssoclates (6). In »
large European study of 66 males and
30 females, Reinhard and coworkers (38)
reported values for Yo,max as well as for
Vat, Although mean Vo,max and Vat
were both lower than in the present study,
simllar qualitative effects of age and sex
arc appasent inthelr dats, with Increases
in Vat/Vo,max as Vo,max declines. This
I8 Wustrated by the differences In the
slope of the decline of Vo,max and Vat
with age; in males, Vo,max declined by
0.021 L/min for each year of age, com-
pared with only 0.0068 L/min for Vat.
The valucs in our study weraalmost iden-
tical -(0.021 and 0.0070, respectively);
thus, a3 Vo,max declines with age faster
than Vat, the ratio of Vat to Vo,max in-
creases. Although Hansen and associntes
{6) concluded that the normal lower limit
for Vat is 40% of the predicted Vo,max,
the results of the present study suggest
that a predicted normal value should be
;- based on the actual predicted Vo,max
rather than on a flxed proportion of
Vo,max becayse of the positive Intercept
1hat was found in the relatlonship of Var
to Vo,max. This flnding is the mathemat.
ical explanation for Vat/Vo,max being
higher In females than In males, for the
increase found with age, and for the simi-
lar Vat/Vo,max across activity grades.
Although Vat increased In absolute terms
from 1.34 in activity Grade ! to 1.44 In
Grade 2, 1.68in Grade 3, and 1,83 L/min
in Grade 4, consistent with reasing fit-
ness, when expressed ag Vay Vo,max the
values were 63, 67, 59, and 9%, Tespec-
tively, Although the appearance of a Vat
usually indicates lactate production (8)
and is thus a useful observation in clinj.
cal exercise tests, a number of mecha-
nisms are likely to contribute to it (39),
making the physlologic implications of
the variability and apparent dependence
on Vo,max of uncertain significance.
We have presented the results of this
study In several ways, partly to allow in.
vestigators 1o compare studies in other
laboratories with those of the present
study and partly to allow a flexible ap-
proach to the interpretation of exercise
test results; the choice of independent
variables was also kept flexible for simi-
lar reasons. Strictly, out results may be

applied only to studies carried out uging |
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the described protocol; however, the
strong linkage between circulatory vari-
ables and Vo, and veatilatory variables
and Vco,, probably means that the rela-
tionships will hold for other protocols
if the variables are first tclated to these
¥metabolic loads” (23).

Roferances

|. Shephard RJ. Badurance fliness. Toronio:
Unlversity of Toronto Press, 1967939,

1. Lange Anderson K, Shephard RJ, Denolin H,
Varnsuskas B, Maslrond R. Fundamentals of exer-
clsa testing. Geneva: World Health Organizatlon,
1971, .

3. Asrand t, Acroble work capacity ln men and
women with specisl refcrence 1o age, Acta Physiol
Scand [Suppl] 1960; 49:169,

4. Buskirk E, Taylor HL. Maximal oxygen inake
and lu relation 1o body composition. With special
reference Lo chronle physical activily and oheslty.,
J Appl Physlol 1937; 111728,

3. Jones NI, Campbell EIM. Clinical excroise 1ey-
Ing. 2nd ed, Philadelphia: W.8, Saunders Co. 1983,
6. Hansen JE, Sue DY, Wasserman K. Predicted
values for clinlenl exercls tealing. Am Rev Respir
Dls 1984; 12%({Suppl:45-33),

7. Wasserman K, Whipp BJ, Koyal SN, Beaver
WL. Anzeroblc threshold and res =
change during exercise. J App! Physcl 1973;
35:236-43, :

‘B, Wuurmh&.ﬂumobictbmm.ldm;lb

urement 10 evaluate exercise performance, Am Rav
Resplr Dl 1984; 128(Suppl:33-40).

9. Jones PRM, Pearson 1. Anthropometric de-
termination of beg fat and muscle plus bone volumes
In young male and female adults. § Physlol {(Lond)
1969; 204:63-4,

10. Borg GAY, Prychophysical bases of percelved
mnlon‘. Med Sd Sports Baere 1982: 1497741,
11, Nie NH, Hull CH, Jenking JG, Steinbrenner
K, Bent DH, SPSS reference manual, New York:
McGraw-Hill, 1912.

1. Salin B, Orimby G. Physiolagical analysis of
middis-aged and old former athleles, Clreulatlon
1968; JL:0104-15, .

13. Canada Fitoess Survey. Fitness and {ifesiyla
hcm&umﬂmofm 198,
i Clausen JL, o Pulmonary fusction testing

.guidelines and controverties: equipment, methods

and normal valuer New York: Academic Press,
158%; 71-5. .

15, Dehn MM, Bruce RA. Loagitudingl variaiions
in maximal oxygen latake with age and activity.
1 Appl Paydlol 1972; 33:805-7,

16, Drinkwaler BL, Horvath SM, Wells CL_ Acr.
obic power of females, ages 10 10 61, J Geroatot
1973; J0:388-94,

17, Bruce RA, Kusum| F, Hosoner D Maximal oa--

yyen intake and nomographic sssessment of func-
Uonal serobic impal of cardi dar dis-
e Am Heart J 197); 85:346-42,

18, Davies CTM, Sasgeaat AJ. Exercise perfon
mance with one and two legs bresthing air and 43%
onygen. J Appl Piyuiol 1974; 34:140-8.

19. Davies CTM, Mbeiwa D, Crockford G, Welsey
mmmumma
inale and female Africans aged 18-30 years, Hom
Biol 197); 43:31-40.

0. Kanne! WB, Hubert H, Lew EA. Vilal capac-
Uty as & predicior of cardiovascular disease: the
Framingham study. Am Heart ) 19§3; 2:311-5.
1. Faulkner JA, Heigenhauser GF, Shork A. The
cardiac oulpuit-cxygen uptake relationship of men
durlng graded bicycle ergometry. Med Sci Sports
Exere 1977; 9:143-7.

21 Froedman S. Sustained maximal vol
tilation. Respir Physiol 1970; 8:230-44, .
2). Wagserman K, Whipp BJ, Excrclse physiol-
ogy In health and disease. Am Rev Respir Dis 1975;
1221949, -

24. Spiro 5G, Juniper B, Bowman P, Edwards
RHT. An Increasing work rate test for assessing
the physialogical straln of sub. ] ise. Clin
Stl Mol Med 1974; 46:1%1-208,

13. Cotes JE, Berry G, Durkinshaw L, ¢ ai
Cardisc frequency during submaximal exerclse in
young adults in relailon 1o lean body ma, 1o1al
body polauslum and amount of leg muscle. Q!
Exp Physlol 197); 58:239-30.

6. Tornvall G, Assessment of physical capabill-
ties. Acta Physlot Scand [Suppl) 196); 58:201.
21. Granath A, Jonsson B, Strandell T, Clrcuts-
tlon in heslihy old men, studied by right hean
cathelerization at rest and during exercise in sy-
pine and sluing position. Asts Med Scand 1964;
11642344,

¥ ven-

28. Sanpersiedi R. Hemodynamie response (o ex-
erclee in patleniswith arterfal hypertension. Acta
Med Scand 1967; 180(Suppl 450:699-704),

9. Jones NL, Normal values for pulmonary gas
exchange during exercite, Am Rev Resplr Dis 1984;
12X Supplidd-8).

30. Joaes NL, Rebuck AS. Tidal volume during
exercise In patients with diffuse Mbrosing alveoli-
tis. Bull Bur Physiopathol Resplr 1979; 13:321-7,

L. HeyEM, Lloyd BB, Cuaningham DIC, Jukes
MGM.MMDPO.EH&:MWW
stimull on the depth And frequency of breathing
io man. Resple Phylol 1968 1:193-204,

12. DeTroyer A, Yernault JC, Inspirtory muscle
force In noroal subjects and patients with intersti-
tial lung discase. Thorax 1980; 35:92-100.

33, Killian KJ, Campbell EJM. Dyrpocs and ex-
ercite Aanu Rev Physiol 1963; 45:463-79,

M. Davis JA, Frank MH, Whipp BJ, Wasserman—
K. Anacrobic threshold alierations caused by ¢n-
durance sraining ln mlddie-aged men. J Appl Phys-
lol £979; 46:1039-45,

335, Weltman A, Katch VL. Relationshlp between
the onset 4 metabolic acidouls (anserobic thresh-
oki) and maximal exygen wptake. J Sporis Med
1979; 1900542, ]

35, Yoshida T, Nagaia A, Muro M. Thkeuchi N,
Suda Y. The validity of anserobic threshald deer-
mingtlon by s Douglas bag method compared with
arierial blood tactats concentration. Eur J Appl
Physiol 1581; 46:42)-30.

37, Sue DY, Hansen JE. Normal values in adulis
during caercise msting. Clin Chest Med 1984;
5:29-58. ‘

8. Rainhard U, Muller PH, Schenulling R-M, De-
lermisation of aaserobic threbold by the veatila-
individuals. Respiration

39. Jomes NL, Ehram RE. The anserobic thivsh-
oid. Loz Terjomg RL, ad, Excreise and sports r Scaces
reviews. Vol 10. American College of Sport s Medi-
diae Series. Philadeiphla, PA- Frankils *

1962 49-02. .

i



APPENDLX 2

Clintcal Science {1985) 69, 197-205

197

Maximal short term exercise capacity in healthy subjects
' aged 15-70 years

LYDIA MAKRIDES®*, GEORGE J, F. HEIGENHAUSER, NEIL McCARTNEY
. AND NORMAN L. JONES

Department of Medicine, McMaster University, Hamilton, Oniario, Canada

' (Received 14 November 198419 February 1985; accepted 18 March 1985)

Summary

1. Fifty males and 50 females, 15-71 years of
age, exercised maximally for 30's on an isokinetic
ergometer at a pedalling frequency of 60 rev./min.
Results wete compared with maximal oxygen up-
take (Vo;max.) obtained in 2 progressive incre-
mental exercise test. .

2. Total work in 30 s was higher in males than
females, declined linearly by about 6% per decade
of age (r=—0.65), and was related closely to
height (r =0.75) and to lean thigh volume esti-
mated anthropometrically (r=0.84). A close
association with vital capacity (v = 0.86) was also
found that accounted statistically for the com-
bined effects of age and height,

3. The percentage dectine in power during 30s.

(fatigue index) was lower In subjects reporting
greater leisure activity.

, 4. A close. relationship was found between
fotal work in 303 and Fo,max. (r = 036), with
vital capacity and leisure activity exerting
additiona! influences on Vomax. (P<0.001;
multiple r = 0.93).

_ 5. The well-established reduction with age in
Vo, max. is associated with an apparent parallel
reduction in the power output capacity of large

muscle groups recruited in heavy dynamic . leg.

exercise,

Key words: ageing, body size, exescise, fatigue,
leisure activity, oxygen uptake, thigh volume.
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Introduction

The major factors that influence maximum aerobic
power (Voymax.) in an untrained population have
been recognized for many years as being those of

_gender, age and body size [1-4), with other

factors playing a less lmportant role. Recently
attention has been drawn to other indices of maxi-
mal excrclse performance, such as the maximum
power developed In short term, theoretically
‘anaerabic’ exercise [S], but the values to be
expected in normal subjects of different sexes, age
and size have not been as well deflned as for
Voymux. The studies described in the present
paper provide such values, and in particular focus
on the influence of age on indlces of maximal
exercise performance,

There are a number of physiological 'chmges‘

that accomipany the steady fall th serobic exerclse
capacity that occurs with age [6]. Central
mechanisms Influencing oxygen transport, sach a8
the maximum cardiac output and heart rate {2,
6-8], and pulmonary gas exchange function 9],
decline steadily after the third decade. Also there
are decreases in total muscle mass and the number
of functioning motor units [10-12}; this is associa-
ted with histochemical and histological evidence of
denervation in ageing muscle and a reduction in
muscle strength that accelerates after the age of

657 [10-13). Although the sge-clated changes in

muscle structure and function and in central
oxygen delivery mechanisms appear to occur in
parallel and are of similar magnitude [14), &t
remains to be determined if the same factors
underlie these changes, or whether they occur
independently.

Cross4ectional and longitudinal studies of
healthy subjects have suggested that the rate of
decline inaerobic exercise capacity with increasing
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years is influcnced by the level of habitual physical
y, with morc active subjects exhibiting a
slower mate of decline than sedentary subjects
[6, 15, 16]. Whether the effects of habltual
physical activity are mediated through the main-
tenance of cardiac functlon or by lessening the
decline in muscle function Is not established. In
part, the difficult ._{ in answering these questions is
related (9 uncertalnty as to the expected values for
maximal muscle power in healthy subjects of
various ages, The present study employed an
isokinetic cycle ergometer {17] to measure power
output and related varisbles during a brief period
“of maximal exercise in healthy subjects aged
15-71 years. As the test lasted 305 only, central
oxygen delivery mechanisms theoretically should
play relatively little part in meeting the energy
requirements of the exercise. In addition to
providing data related to normal values of maxi-
mum exercise capacity the study compared results
obtained with this procedure, with mezsurcments
of maximal oxygen intake in a standard pro-
gressive incremental exercise . test, to examine
possible associations between aerobic perfprmance
and maximal glycolytic {"anaerobic’) capacity.

Methods

The subjects were 100 healthy volunteers, 50
males and 50 females, who were recruited to
provide a wide distribution of ages (from 15 to 71
years, Table 1), and of height (males 165-194 cm;
females . 152-176 ecm)., Recruitment was: by
advertisement In local publications and a local
radio station; responders Wete asked their age and
height and recruited into the study if a vacancy
existed in their respective category; other
exclusion criteria included competitive athletes

L. Makrides et al.

(past or present), and history of serious cardiac
or pulmonary disease, At the time of the study
spirometric evidence of significant airflow obstruc-
tion (>2sp below predicted values), abnormal
resting electrocardiograph, medications known to
influence exercise performance, and systemic
hypertension (resting blood pressure of 150/90
mmHg or above) constituted additional exclusion
criteria, Subjects gave signed informed consent
after description of the procedures and possible
risks and the study was approved by the inst-
tution’s ethlcs committee. No remuneration was
offered to subjects. h

A smoking history and information on occu.
pational physical activity and activity during
leisure hours was obtained by questionnaire.
There were 50 lifellong non-smokers; 31 subjects
had stopped smoking for at least a year before; 13
smoked less than 15 cigatettes per day, and six
smoked more than 15 cigarettes per day. Occupa-
tlonal activity was categorized in three grades:
dedentary {54 subjects), occupations requiring
some standing and walking (30) and those
requiring constant activity (10); in six subjects
occupational activity was not categorized. Leisure
activity was classed into four grades according to
the hours per week spent in recreational activity
(1, comprising 26 subjects, exercised for less than
1h; 2, 42 subjects, for 1-3 h; 3, 23 subjects, for
3-6h; and 4, nine subjects, exercised for more
than 6 h); ‘activity’ was defined as any exertion
associated with at least 2 doubling of the resting
metabolic rate [18). Smoking, occupational and
leisure activities were similar in malgs and females.

Measurements of vital capacity (VC) and the
forced expired volume in I’ “(FEV,) were
obtained with a calibrated dry spirometer (Vitalo-
graph); the best of three attempts was recorded for
both measurements.

TABLE |. Anthropometric variahles for male and female gubjects
Mean values £ SD are shown,

Males Females

Azt m Heght Weight FEV, VC Leanthigh a  Height Weght' FEV, VC Leanthigh
(years} (cm) (kg) ® @® wvlume() - {cm) (xg) 0] @M volume (D
15-2¢ 11 183 p1] 50 59 103 10 166 60 36 41 6.9

SD 66 107 048 0.73 0.65 45 s9 016 031 129

15-34 10 118 79 41 57 9.3 10 1867 59 3B 44 6.2

SD 60 106 064 075 1.74 43 4% 035 04% 131

B4 9P ” 45 8.7 9.1 10 162 60 31 36 5.1

SD 74 86 050 066 ? 5.0 72 044 0353 088

4554 10 1% 78 40 47 () 10 164 65 29 38 45

SD ©12 0 109 069 059 146 53 86 051 056 145

-1 10 N 1 386 42 26 10 164 62 28 34 sS4

s/ 66 93 061 070 08 5.0 3.8 047 0S5t 087
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Subjects performed two exercise tests on
different days: an incremental multistage pro-
gressive exercise test and a 30s maximal cycling
test on an isokinetic ergometer, The incremental
test ‘was always carried out first] partly to screen
the population for untoward offects of exercise:
two older subjects were exclyded on the basls of
electrocardiographic  chan consistent  with
coronary artery disease,

The "progressive multistage excrclse test [18]
was performed on a calibrated stabilized load cycls
ergometer (Elma EM 370); the proceBure I3
described In a separate report [19] in which the
submaximal and maximal measurements are
presented. In brief, the initial power output was
100 kpm/min (16.3 W) and the power output was
increased by 100 kpm/min at the end of each min-
ute until the subject could no longer maintain a
required pedal frequency. The subject breathed
through a low resistance, low gead space valve,
inspired wventilation was meagfired by dry gas
meter, and expired gas was analysed for oxygen
and carbon dioxide by a Perkin-Elmer MGA 1100
respiratory mass spectrometer, Measurements were
averaged every 153 and the mean of the highest
three measurements of oxygen @éptake was taken
as the subject’s capacity (Fo,max.). -Although 1
plateau of Vo,, with Vo, being maintained within
£5% for 1 min at maximum effort, was usually
obtained, this was not s requirement for the
measurement.

After the incremental exercise test the isc-
kinetic cycle ergometer test was explained to the
subject and a practice test was performed.

On the second occasion lean thigh volume was
estimated from anthropometric measurements
[20), and the subject carried out a 303 cycling
test on an lsokinetc cycle ergometer. The ergo-
meter,. and procedure, are described in detail
elsewhere [17]. The welocity of pedalling was
controlled to = predetermined rate by a 3hp.
motor, and an electrical speed controller. The
pedalling rate in the present study was controlled
at 60 rev.fmin, chosen because It is the welocity
at which most exercise tests are carried out [18].

"The subject pedalled with maximal effort and the

torque exerted on the pedalt was recorded via
strain gauges bonded to the pedal cranks and

connected to a multichannel recorder and com-

puter through a slip ring and a Wheatstone bridge
circuit, -

The ergometer was ahbr:ted befote each test,
The optimal saddle height was selected for ‘the
subject and feet were secured to the pedals by toe
clips and straps..A webbing hamess around the
hips prevented lateral and forward movement and
ensured that the major contribution 1o force out-

put was from the quadriceps muscles., The
subject was Instructed to exert maximal effurt;
constant e?coumgemcm was glven to the subject
during the"test, with instructions not to grip the
handlobars tightly and to breathe regularly, Hoart
rate and the electrocardiograph were monitored
throughout the test and during recovery. There
were no untoward scquelae,

The output from the strain gauges was sampled
at 10ms intervals by a laboratory computer
(PDP 11-03, Digital Equipment Corp.) that per-
formed integration with respect to time. Measure-
ments were obtalgl In each subject of peak
Instantaneous power, average power and work for
each pedal revolutfon, and total cumulative work
during the test, All subjects showed a gradual and
smooth decline in power during the 30 s test; the
decline In average power by the end of the test
was expressed a3 a percentage of the maximum
power achieved during the flrst few pedal atrokes
{fatigus index, FI) [17]. Our experienco with this
test i healthy subjects [21] and patients with
coronary artery disease (i::publlxhed work) has
Indicated that the measuteinents are repeatable in
a givengubject with a coefficlent of variation less
than 10%, and that there is no significant el'fect of
habituation. ¢

Reate’

Performance in the 30 test could be characterized
equally well by all three variables, maximum peak
instantzneous power (Wi, ), maximum average
power (W,,) and the total work achleved in the

301 of the test (W), In that the correlation

coefficients between them were in excess of 0.98.

Effects of age .

Male and female subjects W, and W,, showed
a decline with age that amounted to sbout 6% for
each decade. For maximum pesk power, mean
values in the 15-24 yeans decade were 1037 W
in males and 661 W In females, declining to 760 W
and 466 W respectively in the subjects over 55
years. Maximum average power was 636 W and
404 W respectively, falling to 455 W and 282 W
for the same age goups. Similarly, the total
cumulative work was 17.8 kJ and 10.6kJ with a
decline to 120kJ and 74 KJ (Fig. 1). Thus the
percentage decline with age for all three variables
was almost identjcal, and similar for males and
fernales, Total work was statistically the varfable
most closely relsted to age fgy= — 0.65). Values
for all three variables in femnales weze about two-
thirds of the values obtained in males (Fig. 1).
The following regression equations express the
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14 1

121

Total work {(kI)

104

'\; » Male

- o Female

Age (years)

F1G. 1. Total work in 30 s in males (e) and females (0), related to age.

influence of age on these three variables in the two
eXes: -

Males Wi = 1222 =73 (age) W
, ez 152,72~ 059)
Wy, = 770 — 4.7 (age) W
(sEE 102, 7 = — 0.58)

Waor, = 208 —0.137 (age) kJ

(seE 2.30,7 = — 0.66)

Femnales Wy, = 780 — 5.0 (age)W
(see91,r=—0.64)
W, =486 ~—3.1 (age) W
(seE 62,r = —0.61)
Wior, ™ 12.7 —0.085 (age) kJ
(SEE 1.41,r » —0.66)

where age is in years.

Effects of body stze  /

In both females and males, the power variables
Wiue and 4v,, and alse W, showed strong
correlations to parameters of body size; height
(r=0.75 for all variables) was more closely
related to all three variables than weight (v = 0.65).
Analysis of ‘covarisnce showed that significant
(P <0.001) effects of ags and sex remained even
when height or weight was taken into sccount.
The represtion equations linking thess wariables
for the total population were:

Wi, ™ 8.2(ht.)— 52 (age) — 251 (sex) —310W
(sEE 119,r = 0.87)

= 6.7(wt.)— 6.5(age)—249 (sgf)+ 672W
(SEE 116, 7 = 0.88)
Wy, = 5.0(ht, )—3 4(-;:)-7160(51:::)— 175w
(SEE 81,r = 0.87)"
= 43(we)— 42(.;)\9«5@;)+412w
(sEE 78,7 = 0.87)
Weoo = 0.125(ht.)—0.097(age)— 4 5(sex)
—3.14 XJ (seE 190, 7 = 0.89)
= 0,108(wt.)—0.117 (2ge)— 4 4(sex)
+11.5 kJ (SEE 1.80,7 = 0.90)

where height (ht.) Is in cm, weight (wt.)in kg, age
in years and sex is coded O for males and 1 for
females. . .-

Lean thigh volume (sum of both legs) was
closely related to maximum peak power (r=0.1),
maximum average power (r = 0.80) and total work
(r = 0.84) (Fig. 2); the regression equation for
this last relationship was:

Wi = 1.45(tv)+136kJ (SEE 222, 7= 0 84)
where lean thigh wolume for both legs (tv) is

_ expressed in litres, Similar significant relationships

were found for males and females separately.

Analysis of covariance thowed that when the
refationship between the power variables and thigh
volume had_been_taken into account, an age
eifect did not remain. -

Effécts of habirual sctislty

leoocupauonalkvdmd&:ﬁtmspentm’

active leisure pursuity did not have a significant

Lo
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effect on Wiy , Wy, OF Wio,, when height, weight
and age had been entered into an analysis of
covariance,

Fatigue index

In contrast to po:wrgéw.rhbles and the total
work, the fatigue index wag not related to sge,
height or weight. The averige fatigue index for
Winer, and W, over the 303 of the test was 26
10.0% in males and 3019.7% for females (not
significant). A weak negative correlation (r=
—0.30) was found between the fatigue index an
leisure activity grade, suggesting a possible associa-
tion between these two wvariables (P<0.001).
There was no significant relationship between the
fatigue index and maximum power variables,

Comparison of 30 3 performance with Vo, max.

Significant  relationships (P <0.001) were
_ obtained between the two power variables and
total work and Vo,max. measured in the incre-
mental exercise test (r=089 for all three
variables) (Fig. 3). There were significant relation-
ships between Voymax. and height (r=0.78),
weight (= 0.65) and lean thigh volume (r=
0.79). Other wariables that were significantly
related (P<0.001) to both power varlables, to
total work (r = 0.84) and to Vo, max. (r = 0.86)
were the VC and FEV,: Lhese variables statistically

e

took into accaunt the combined effects of height,
age and sex.

Multiple stepwise{regression analysls was used
to examine associafions belween measurements
of body size, maxiium power varlables and other
variables and Vo, max. The total work was the
variable most closely related to Vomax. (F=
639, P<0,0001), followed by VC (partial Fe=
262, P<0.001) and leisure sctivity (partial
F=193, P<0001). The multiple regression
equation for this relstionship was:

Vo, max. = 0.123 (W) + 030 (VC)
+ 0.17 Qelsure) — 0.898 I/min
(SEE0.415,r = 093)

Thus only 13% of the variance (r* =087) in
measurements of Po;max. was left unexplained

_ once the total work, VC and leisure activity had

been entered Into the stepwise regression pro-
cedure, A similar expression was derived where
age, sex, height and weight replaced the constant
for VC: ' .

Vo, max. = 0.131 Wy ) + 0.016 (ht)
— 0008 (age) — 0.059 (sex) + 0.007 (wt.)
+0.145 (keisure) — 244 /min
(st 0.458,7 = 092).

Discussion )

The present study employed 3 recently developed
isokinetc cycle ergometer that enables power and

v
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fatigue to be measured preclsely during dynamic
cycling exercise [17]. The results provided in-
formation regarding the factors that influence
muscle power in healthy subjects, the effects of
ageing, and associations betweed maximal short-
term muscle power and maximal exercise aerobic
capacity (Vo max.),

The measurements were made in males and
fomales, selected to provide a wide distribution of
age and height.- Although the study may be
criticlzed on the grounds that the sample tize was
too small to be representative of the population,

we sought to minimize this effett by selecting for -

as even a distribution as possible for age and
height. The measurements made In the study to
charactérize the population were companable with
establithed normal values for pulmonary function
data [7112] and mxlmll exercise test results [6 7
19,23
Although the majority of studies that have
investigated maximal .exercise capacity have been
concerned with aerobic power as reflected in
Poymax., recently there has been an Increased
interest in maximal short-term or anacrobic power,
in which the durntion of exercise is 303 or less,
In meeting the demands ¢f maximal exercise for a
thoet time, t.herelslm limcconmmdeaxypn
d of lesser intensity or
; ses In muscle [24]

s Wingate test

>

[25], in which the subject pedals as fast as possible
on a mechanically braked ecrgometer; after

‘maximal pedal velocity is reached a standardized

resistance is imposed; during 30s the pedal
velocity is monitored and declines progressively;
power it calculated from the resistance and the
number of revolutions of the flywheel during each
5 s of the test. Although the methods used in the
present study are more complex, they have the
advantages of measuring torque directly and at a
constant velocity; thus no sssumptions have to be
made regarding changes in frictional and inertial
forces during the procedure. The relationship
between peak power and crank velocity is a
parabola, with a peak of optimal velocity between
120 and 160 rev.fmin [21]; although our choice of
60 rev./min may not have rep ted the cycli.ng
frequency required for our subjects’ maximum

it is the frequency associated with the
least l!aﬁgne and subjective stess [21], and also
that employed in most cycle ergometer tests [18].
Furthermore, it has' been our experience that

elderly or infin subjects find difficulty in

pedalling at the very high frequencies that are
required in the Wingate test. The Wingate test was

. not used in a study comparable with the present

one (Q. Bar-Or, personal communication), but
comparison ofmunsulnhtbeyomgersubjects
with those reported for the Wingate test (24, 25]
suggests that the average power measurements are



Maximal exercise in healthy subjecis

As in previous studies that used an Isokinetic
ergometer in healthy young subjects [21], w
found close relationships between the m um
peak and average power, and the total cumulative
work indicating that any one of the three could
be used as an index of maximal performance
during this type of excercise, but for most relation-
ships the total Gimulative work during the test
gave the least variation. Total work was higher in
males (mean 15.6 kJ) ales (9.1 kJ) and
showed a gradual decline with ape that on average
amounted to 6% per decade ofAge in both sexes
(Fig. 1).

Al any pgiveri agc there were assoclations
betwgen the powes variables and height and, less
significantly, weight. For subjects of given size,
age was significantly related to power variables,
but when thigh volume measurements were used
in an analysis of covariance, age was not found to
exert an independént effect. The estimate of lean
thigh volume from anthropometry {20] s
potentially subject to error, but it is of interest
that it was the measurement to which power was
most closely related, This finding Is consistent
with previously established relationships between
maximum power during cycling and the size of
muscles {5, 21]. Although the small age-related
desltne in lean thigh volume (r=-—025, P<
0.01) may thus contribute to the reductions in
power, this decline in our subjects was not uni-
form with age. When dats in maley snd females
were .combined, lean thigh volume (sum of both
thighs) was found to fall by 11% between age 20
and 30 years (from B.66 litres to 7.67 litres); a
further 8% between_ 30 and 40, to 6.94 litres, but
no further significant reductions occurred, mean
values being 6.78 litres at age 50 and 6.9 litres at
60 years, As discussed below, changes in muscle
function with age are only. partly related to size,
several other factors making significant contribu-
tions. Aniansson et al. [13] showed that reduc-
tions with age in muscle strength and the ability to
perform a step test correlated with reductions in
body cell mass and muscle fibre area. Although
these wotkers did not find histological evidence of
muscle degeneration, Grimby et ol {26] found
changes consistent with denervation and ge-
innervation in 80 year-old subjects; because falls
in Jean body mass were more marked than in fibre
* area, ‘they suggested that s loss of fibres also
occumd in old age.

Whereas the maximal power variables measused
during the isokinetic cycle ergometer test sppear
to reflect mainly muscle size, the relative extent
to which power declines during the 30 s (fatigue
index) was found to be unaffected by age and
size; indeed the refationship between average thigh

%
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volume and fatigue was positive, suggesting that
the larger the thigh muscle volume the greator the
relative fatigue during the test. The explanation
appeary to le In the fact that subjects with large:
thighs achieved the higher moximum peak power;
although the decline from these maximum values
was greater, the total work sccomplished in the
30s (a composite function of both maximum
power and the f(atigue index) i3 sull greater In
subjects with greater muscle mass,

The finding in the present study of a decline
with sge in the peak power and total work jn
30s, without a slgnificant ¢hange dn the fatifue
charscteristics, may Indicate i%l’iﬂ'vu\psnef'v%?on
of oxidative fatigue-resistant muscle fibres in older
subjects, This hypothesis is consistent with the
finding in several studies of s reduction In the
size and number of fast twitch type 2 fibres with
age [2, 4, 10, 27). Such age-related changes may
be due to the motoneuron dysfunction shown by
Campbell ef af. [12] to occur with age.

Although the measurement of Yo, max. con-
ventionally is used to assess aeroblc power, where-
as the total work in 305 mainly assesses the
muscles’ maximal glycolytic, or ‘snaerobic’,
capacity, a close relationship was obtained
between the two measurements. Also the two
indices appeared to decline with age st aimilar
rates. The high correlation between total work and
Vo, max. suggests that there are common factors
contributing to both measures; taken with the
relationship between thigh volume and Vo, max.
s finding suggests that In the average population
the size of muscles and thelr capacity to generate
power are important factors contributing to the
maximal aerobic power In exercise [28). However,
if we had included well-trained endurance athletes
in our population thelr Yo, max, would be high in
selation to the maximum lsokinetic power (Fig. 3)
[17). Gollnick ez af. [29) showed specific training
effects in terms of muscle enzyme activities in
athletes trained for different events that provide
1 biochemiul basis for the fatigue reslstance and
high Vo, max. of endurance athletes.

A number of studies have shown that, for any
given age and size, sctive individuals tend to have

a3 higher Vo;max. than inactive subjects [30).
Furthermore, longitudinal studies have established -

that the decline in Vo;max. with age is less in the
active than Insctive (15, 31, 32). In the present
study a simpie categorization of subjects according
to weekly leisure activity hours had = positive
influence on Vo;max. and was assoclated with a
reduction fn fatigue during the 30s maximum

cycling test. Thus these findinjs raise the possi- .

bility that the maintenance of q.uch quantity
and quality are both hnpomaﬁn\tln maintenance

J'
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of Vo;max. with Increasing age. Although the
wellcstablished linear decline in maximum cardiac
frequency with age {7] has beeq used as an indica-
tion that the fall in Vo, ml.:> determined by
‘central’ factors related to infrinsic myocardial
properties [33], it may be argued that the function
of muscles may be at least as important, .

Our findings have implications for the maln-
tenance of muscle size and function and of their
acrobic powes with age. It seems likely that subjects
in active occupations® will maintaln muscle size
and the. muscle’s seroblc capacity will be main-
tained by regular leisure sctivity. In addition,
the possibllity Is ralsed that exercise carried qut
at any age may help to Improve muscles’ serobic
capacity and thus help to malntsin Vo, max.
Aniansson & Gustafsson [34] tralned 12 70 year-
old subjects and showed increases In the area of
type 2 fibres associated with improvements in
muscle function. In spite of evidence of neurally
mediated degeneration of muscle with age (12],
muscle remalns susceptible to improvement by
training techniques.
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Appendix 3. Descriptive Characteristics of Subjects (mcans and SD)

Resting

Lean blood
- vital? thigh pressure ,
Age Weight Height capacity volume (omHg) Lelsure* Smoking
(yrs.} -~ (kg) (cm) (1) (1) Systolic Diastolic activity category
4
27.4 71.0  176.3 5.335° 3.68 118.0 78.8 1.4 1.3
2.9 8.5 5.8 0.585 0.35 14.4 4.5 0.7
. &
v65.0 73.3 170.6 4.032 3.44 136.0 85.8 1.5 2.1
3.3 8.3 4.7 0.464 0.33 15.5 8.7 0.5 0.8
¥
* Leigure activity was classified as follows:
1 = ipactive
2 = 1-3 hrs/wk
3 =) 3-6 hrehk
4 =3 6 hrs/vk
Seoking category was classified as follows:
1 = never ’
2 = previouss smwker .

3 =< 15 cigs./day (pipe)
4= > 15 cigs./day

*
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)
Appendix 4. Employment Profile of Subjects
3
GROUP
20-30 yre. 60~70 yrs.
Sales 3 3
Professional 4 18
Managerial - 0 2
Retired 0 6
Students 2 0 =~
—/
Unemployed 1 0
TOTAL . N =10 N =12
=~
e’

. 2

e
The sales category includes real estate, insurance and Xerox company.

The professional category includes engineers, physiclan, computer
programmer and systems analyst.

The managerial category includes retail store and parking lot managers.

The two students were in graduate studies (pathology and engineering).

Ve -
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Appendix 5. Clinical and Sociodemographic Data Questiomnaire
- >

DATE OF *
EXAMINATION Pp HUMIDITY
NAME CODE DATE OF BIRTH
. &
OCCUPATION _ . HELGHT
f
\\\

Clinical Data

BLOOD PRESSURE

TEMPERATURE
’J
AGE

WEIGHT

L4
Do you experience chest pain with activities such as walking, running

or lifting? Yes

No

Do you have: Yes

hypertension
, diabetes

lung disease
heart'hiaease
asthma
bronchitis
other (specify)

1f yes, give details -

No

4

ras

Are you presentiy taking any meditations?

Yes

No

. If yes, give details




Appendix 6. Physical Activity and Smoking History Questionnaire
L4

Physical Activity

Do you undertake physical activity such as walking, jogging, swimning,
skiiang, etc.?

If yes, fndicate:

Nature of activity Duration/session Frequency/week

Is your'occupation physically demanding? Yes No

Indicate whether it involves: wmostly sitting
mostly walking/standing

manual work/climbing stairs

PHYSICAL ACTIVITY CODE: Lelsure:

Occupation:

Smoking History

Have you smoked in the last & weeks? Yes No
]
1f yes: indicate number of clgarettes smokedléay

1f no, have you ever smoked? Yes No

-

When did you stop ismoking? _

SMOKING CODE:
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Appendix 7. Bealth Status Form*

PATIENT'S NAME . PHYSICIAN'S NAME
ADDRESS - . ADDRESS
\’D
TEL. NO.

EXAMINATION DATE

Does Mr. have any clfalcal evidence of the
following clinical disorders which might limit exercise or be
associated with risk:

Yes No
Heart tdisease
Lung disease
Hypertension
Diabetes |
Asthma *
Bronchitis
Arthritis
Other condition that would
exclude participation in &

an exerclse program

-

If yes, please give detalls

-




Has the patient been on any medication over the last two months?

Yes No
If yes, please give detalls o
Patient's resting blood pressure
Has the patient had a recent electrocardiogram? Yes No
If yes, please indicate date and result -

If you have any otﬂﬁr comments you wish to offer regarding Mr.

participation in this study, please indicate below.

Date Physician'a signature

* Completed by physician of subjects in older group Jhly.

)
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Appendix B. Physiclan Information Outline*
Dear Dr.
RE: “Effect of Training on Muscle Function and Aerobic . )
Capacity in Young and Older Sub jects”
Your patient, Mr. has consented to participate

in the above study which involves participation in a 12-week training
program, three times a week, for one hour. The intensity of the
program will be based on the individual subject's maximal oxygen uptake
which will be determined via a graded exercise test. Blood pressure
and heart rvate will be monitored throughout the test. In additiom,
muscle power 1in the legs will be determined via a wmaximal effort,
short term, cycling test which lasts for 30 seconds using a constant
velocity ergometer.

The purpose of our study is to investigate the effects of tralning on
physical work capacity and muscle function and to examine how these
may differ in young and older subjects. Our sample consists of two
groups of healthy male volunteers, 20-30 and 60-70 years of age who do
not undertake regular physical activity. -

We are seeking your assistance in determining Mr.

general health status and we would be most grateful if you complete
the attached form and return it to us as soon as possible. A stamped
gself-addressed envelope is enclosed.

If you have any questions, please feel free to contact us. Thank you
for your cooperation.

Yours sincerely,

% Mailed to physician of subjects in older group only.



Appendix 9. Consent Form

Qur puégose is to {nvestigate the effect of traini{ng on youf abillity to
exercise for long periods of time (heart and lung function) and short
periods of time (m“aile function) and to examine how this may dtffer
in young and older "subjects. If you consent to' particlipate in this
study, you will be required to attend the onc-hour exercise au;:}ons.

three times “2 week for total of 12 wecks. IT IS ESSENTIAL THAT YOU
ATTEND ALL SESSIONS. 7/8

A series of tests will be performed before and after the 12-week
training program. These are:

l. A graded ‘exercise test-measuring heart and lung function.
2. A test measuring muscle strength in the legsa.
3. A test measuring lung capacity.

1. Graded exercise test: This will be done on a cycle ergometer.
The work will begin -aﬂza very easy level and will gradually

become more difficult. would like you to continue to exerclse
until .you are limited byl}fatigue or extreme discomfort. We will
be closely monitoring your test; if we gsee any reason to stop the
test prematurely, we will do so at once. While exercising, you
will breathe through a mouthpiece to measure how much oxygen you
use. We will ask you to use a2 noseclip to make sure that all the
air 18 inhaled ‘and exhaled through the mouth. Electrodes will be
attached to your chest to monitor your heart rhythm. A cuff
around your arm will be inflated every 2 minutes to measure your
blood pressure. This test will take approximately one hour.

2. Test measuring muscle strength: This test involves pedalling on
a cycle ergometer whobe pedals are driven by a motor. You will be
asked to pedal as hard as you can for a few seconds at different
speeds of the pedals. Three small electrodes will be attached to
your chest to monitor your heart rate and rhythm. After this
test, a small quantity of blood will be sampled from a superficial:
vein in your arm. We will also meagure the circumfersnce of your
thigh, using a tape measure, to see how the size of your leg
nuscles affects muscle function. The time required for these
procedures will be approximately 30 minutes. '

3. Te:t measuring lung capacity: This test involves taking a deep
breath in and then breathing out thfough a mouthpiece. It takes
approximately 15 minutes.




_2-
It is possible that certain adverse changes may occur durling the
tests. These may include abnormal blood pressure, fainting, disorders
of heart beat, and very rarely, Lnstances of heart attack. However,

the likelihood of such risks in the controlled environment of the
laboratory is small. Appropriate equipment and trained personnel are
avallable in the laboratory to deal promptly with any unusual
situations.

After the completion of the study, we will send you a written report
of the results of your tests. If you have further questions, we will
be pleased to discuss them with you.

{
Participation in this study is voluntary. You may withdraw your
consent at any time, even after signing this form. All informatlion
gathered will be confidential.

If you agree to participate, please accept our thanks and indicate

your consent by seigning below. *
SUBJECT SIGNATURE WITNESS SIGNATURE -
SUBJECT NAME (please print) . WITNESS NAME (please print)
‘ DATE
&
“\.’-\;\
S CT ADDRESS & POSTAL CODE
‘(plhase print) .

Home: ' Work:
SUBJECT TELEPHONE NUMBER

I have explained the nature of the study to the subject and I believe

that he has understood it.
rd

il

NAME SIGNATURE DATE



Appendix 10. Criteria for Stopping the Multistage Exercisc Teat*

»General Signs
and Symptoms

" Electrocardiographic
Signs

P

Blood Pressure
Siguns

.

Severe chest pa}nxauggeatlvc of angina

Severe dyspnoea

Dizziness or fainting

Marked apprehension, mental confusion or lack
of coordinatton

Sudden onset of pallor and sweating

Ouset of cyanosis .

Frequent ventricular premature bcats,
particularly when showing the R on T wave,
frequent runs of three or more, and
paroxysmal ventricular tachycardia

Atrial fibrillation when absent at rest

Second or third degree heart block .

Ischaemic changes: marked ST depreasion,

T whve‘isyersion. or the appearance of a
. Q wave
Appearance of bundle branch block pattern

Any fall in systolic pressure belog the
YTesting value

A fall of more than 22 umHg 1in systoklc
pressure occurring after the noramal
exercise rise -

Systolic blood pressure in excess of 300 mmlg
or diastolic pressure in excess of 140 mmHg

N

* Jones and Campbell (1982). )



Appendix 11. Equations Used in the Calculation of Ventilation (Vg),
Oxygen Intake (VO;) and Carbon Dlioxide Output (VCO2)

&
Vg (BTPS) - volume x 60s x [(Pp_~ 29) x (Pg - 47)]
(1/min) t 3t
273+ T (
V0, (STPD) =  |F10; x [(L - FEQ;) - cmggz]_ x Vg (STED)
‘(1/min) - (1 - F103) - FEOQ2 \
VCOy (STPD) = (FECO; - FICOz) x Vg (STPD) .
(1/min) ~
3 X %
~=f
/.
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Appendix 12. Equations Used in the Calculation of Cardiac Output
and Mean Arterial Pressure

PvCOp* (mmHg) = PgqCOz - (0.24 PggCOz - 11.0)
Y .

PaCOy* (mmHg) = 5.5 + 0.9 PgrC0Op - 0.0021 VT

B

CCOs* (ml/100 ml) = 10 (0.396 Log PCOp + 2.4)

Pa (mmHg) = Pd + 0.33 (Ps - Pd)

-

(o

* Jones and Campbell, 1982, pp. 237-239.
Berne and Levy,- 1977, p. 103.
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Appendix 13. Twenty-30 years:

259

-

Paired Values®* of Repeat Measurcments

for Each Subject during 30 Seconds of Maximal Cycling

on an Isokinetic Ergometer

Pedalling
Frequency
Sub ject (rpm)
1 60
2 60
3 60
&
4 110
5 110
6 60
7 60
8 110
9 . 110
10 110

Mean

S.D.

Max. Average

Day

652.
499.

821.

930

1059

633.
749.
868.

834.

768.

166.

* not significant

.3
0

638.9

0
9
2

4

7

3

Power

(w)
Day 2
636.0
567.3

- 753.3
931.2
952.7
609.7
665.7
695.7
818.7
830.1
p766.0

133.8

Fatlgue
Total Work Index
(kJ) %)

Day 1 Day 2 Day 1 Day 2
16.1 16.6 34.2 33.5
14.0 15.1 25.0 32.2
20.6 18.4 27.1 29.8
15.7 16.3 63.6 72.4
£7.0 18.7 70.1  60.1
16.2 16.5 29.3  17.6
16.6  17.4 21.6  23.0
13.7 14.7 .60.0 55.7
15.4 15.1 62.2 60.3
}3.9 13.3 69.2 72.5
15.9 16.2 46.2  45.7

2.0 1.7 . 20.3  20.7



260

Appendix 14. Sixty-70 years: Paired Values® of Repeat Measurcments

- for Each Subject during 30 Seconds of Maximal Cycling
on an Isokinetic Ergometer

Pedalling Max. Average ° - Fat {gue
Frequency Power Total Work Index
Sub ject (rpm) {w) (kJ) (X)
‘
Day 1 Day 2 Day 1 Day 2 Day 1 Day 2
1 110 746.6  683.1 i2.1 10.9‘ 66.4 68.3
2 60 453.0 451.1 10.0‘ 11.1 5.4 41.9
3 110 581.4 637.0 9.7 10.9 60.1 59.1
4 60 397.5  396.4 10.4 10.3 22.4 19.6
.
5 - 110 600.8  665.0 1.3 12.6 62.1  55.5
6 66\\#’ 460.9  437.9 12,7 12.1 2.6 22.9
7 60 T 404.0  381.1 11.1  10.5 16.7 15.6
8 110 648.2 858;5 12.1 12.7 6l.1  67.5
9 60 530.5 515.2 - 11.8 11.5 49.9  52.7
10 60 497.8  522.6 11.0 11.6 ;hfltZ 43.7
11 60 551.8 546.9 14.6 l4.6 29.2  33.1
. 12 110 - 560.3 630.? 9.8 11.1 63.4 65.237
Mean 536.1 560.6 11.4 11.7 44 .4 Qé.g
S.D. '102.1  139.8 1.4 1.2 18.3  19.0 _
-\ o

* not significant
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Appendix 15. Hean Training Heart Rate and Power Output in
60-70 and 20-30 year old Males During
12 Weeks of Endurance Training

0ld _ Young
Heart Rate Power Qutput Heart Rate . Power Qutput
(beats/10s) (kpm/min) {beats/10s) (kpm/min)

Week 1 19-21 433 S 22-24 645
2 20-22 508 25-27 765
3 22-24 594 27-29 890
T4 22-24 598 27-29 890
5 22-24- " 685  27-29 950
6 22-24 729 27-29 1010

7 22-24 s T42 27-29 1050 /
8 22-24 788 27-29 1055
9 22-24 800 27-29 1085
10 22-24 817 27-29 © 1120
11 22~24 888 27-29 1150
12 22-24 900 27-29 . 1200

J

e



Appendix 16.

262

Individual values before and after training in oxygen
intake, carbon dioxide output, ventilation, ‘tidal volume,

.heart rate, cardiac output and systolic blood pressure

%;EEES the progressive incremental cycle ergometer test.
e increments in power output in the 20-30 year-old
group (subject number 1-10) were 200 kpm/min at the end
of 4 minutes. The increments 1in power output in the
60~-70 year—old group (subject number 11-22) were 150
kpm/min at the end of 4 minutes.

B
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Appeundix 17.
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—_— y

Individual values before and after training in maximal
peak power, maximal average power, total work,; fatigue
index and lactate during the 30 second maximal power
output teyt., Values are listed at both 60 and 110 rpm.
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