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Athlete's heart or the athletic heart syndrome are vague empiri ca l terms 
which denote a condition of considerable physiological and clinical interest. 
The syndrome is important to the physiologist becaus e i t represents a success
ful adaptation to extreme physiological demands and to the clinician because 
the adaptive changes may at times simulate heart disease. 

The 19th century definition of athlete 's heart ·.~as heart disease with 
cardiomegaly and chronic fai lure, caused solely by an excessive amount of 
physical activity. This concept was widely accepted well into the 1940's bu t 
reports in troducing the current view that the en larged heart of the athlete is 
an appropriate physiological adaptation had actually appeared at the turn of 
the century. The first paper clearly associating the cardiomegaly in athletes 
with superior function was pub lished by Henschen in 1899 . He examined (by 
percussion) the parti cipants in a 60-mi le cross -country sk i race and noted 
that the most successful skiers also had the largest hearts. Radiological 
examination of the part icipants in the 1928 Olympic games (Herxheimer, 1929 ) 
confirmed and extended Henschen's findi ngs. Large-scale Bri tish studies 
during the 1930's (reviewed by Jok l and Jokl, 1977) demonstrated that heart 
disease attribu t able exclusively to ath leti c training and participation was 
extremely rare if it existed at all. 

More recent British epidemiological studies (Morris et al., 1953) on the 
relationship between physical activity and coronary disease provided a stim
ulus that completely reversed the original concept of athlete's hea rt and 
eventually produced a fringe movement (Bassler, 1977) that clai ms tha t mara
thon running confers absolute immunity against lethal coronary disease . 

The adaptation to habitually hi gh levels of physical acitvity i:wolves 
multiple organ and organ systems. The effects on the heart must be considered 
in the context of the changes that are induced in the peripheral vascu la ture, 
skeletal muscle, in autonomic and hormona l regulatory processes and in 
metabolic activity. Aspects of the extra- cardiac consequences of physical 
activity will therefore be included in this presentation. 

Human performa nce capacity has multiple determinants . The ability to 
perform any physical task is a function of (a) the capacity of the various 
aerobic and anaerobic mechanism for transformation of chemical energy t c 
mechanical work, and, (b ) the ability to act i vate and control these mechanism. 
Performance capacity has a significant (figure 1) genetic component (Kl is
souras, 1971; Kom i et al., 1977) . ~and habitual level of physical activitv 
are the most important of many physiological modifiers. 

Clinical exercise physiology for the internist and cardiologist primarily 
deals with aerobic exercise and the mechanisms that are involved in oxygen 
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figure 1. Genetic contribution _.!2. 
performance capaci ty. Maximal oxygen 
uptake in pairs of mo nozygotic (MZ) 
and dizygotic (DZ ) twi ns. The shaded 
area represents the mag ni tude of the 
error of measurement . Measurement of 
maxi mal heart ra te produced similar 
MZ and DZ distri butions with linear 
correla tion coefficien ~ s of 0 . 90 and 
0 .48 . (Klisso uras , 1971). 

transport and utilization. Dynamic or isotonic exercise is defined as activity 
associated with changes in muscle length with little change i n tension. 
The ·energy requirements of dynamic exercise that lasts for at least a few 
minutes and activates large muscle groups , e.g . various forms of locomotion, 
can only be covered by aerobic metabolism. Th is mode of exerci se has the 
potential of imposing a greater l oad on the cardiovascula r system than any 
other stimulus as soc iated wi t h normal daily life activities and is particularl y 
likely to precipitate symptoms in patients with heart disease. It is also the 
mode upon which most clinical exercise t es t s and therapeutic t raining programs 
are based. 

Isometric or s tatic exercise du ring which there is tensio n development 
with little change in muscle leng t h, is also included i n ma ny physical tasks. 
Muscle blood flow is compromised even at relatively low intensities of isometri c 
~1ork and anaerobic glycolysis is the primary source of energy. 

ACUTE HEMODYNAMIC AN D METABOLIC RESPONSES TO EXERCISE 

The acute hemodynamic and me tabolic responses to common forms of dynami c 
and stati c exerc ise (Mitchell and Blomqvis t, 1979) are distinctly different . 
Large muscle dynamic exercise of increasing intensity produces a marked 
increase in cardiac output and a fall in peripheral resistance. Most of the 
energy is deriveG from aerobic metabolisms. Isometric exerc i se is associated 
with a pressor response wi t h elevation of systolic, diastolic, and mean 
arterial pressure. The blood pressure elevation is more clearly re lated to 
the intensity of the effort than to the magnitude of the active muscle mass. 
The pressor response is normally produced by modest increase in cardiac 
output with little or no change in peripheral resistance. 
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Dynamic exercise. The principal features of the normal human response 
to dynamic leg exercise of incre~sing intensity up to and including maximal 
levels is diagrammed in Figure 2. (Blomqvist, 1978). 
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Fiaure 2. Principal features of cardiovascula r , resp iratory, 
ana metabolic responses to dynamic l eg exercise in the upright . 
Data points represent sitting rest, three levels of submaximal 
exercise, and maxi~al exercise. Values are platted against 
relative load, i.e., actual oxygen uptake as p<;!rcentage of 
maximal oxygen uptake. Blood pressure data represent systol i c, 
mean, and diastolic brachial artery pressures. Coronary flow 
measurements. are given as mi 11 il i ters per minute per l 00 g 
cardiac muscle. (Based on data of Sal tin et al . , 1968; 
Holmberg et al., 1971; and Nelson et al., 1974). 

Transition from sitting rest to ma ximal exerci se in young normal subjects 
causes a 10-fold increase in metabolic rate i.e., an increase in oxygen uptake 
from 0.3 to 3 liters/min. The increased periphera l oxygen demand is partially 
met by a progressive increase in heart ra te from 70 to about 190 beats/min. 
and in stroke volume from 75 to about 105 ml, a 4-fold increase in cardiac 
output to about 20 liters/ min. The remainder of the oxygen demand is met by 
redistribution or blood flow and increased extraction by active tissues, 
primarily skeletal muscle. As a result, the total body A- V 0 difference 
increases by a factor of about 2.5. Systolic arterial p~fe increase 
l ~nearly and steeply whereas there is li t tle change in diastolic pressure and 
only a small increase in mean arterial pressure . Pulmonary arterial pressures 
show a proportionately larger increase during exercise t han the systemic 
pressures which means that there is a less prominent reduction in pulmonary 
than in systemic vascular resistance (Eke lund and Holmgren, 1967). Coronary 
flow also tends to increase linearly during exercise and approximates 
(measured in ~2/100g myocardium) the product of heart rate and systolic blood 
pressure X 10 (Holmberg et al, 1971; Nelson et al., 1974). 
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The mechanisms responsible for the maintenance and increase in stroke 
volume during exercise, particularly the role of the Frank-Starling mechanism 
in normal man, has been a matter of controversy. Hemodynamic studies haye 
shown that left-sided filling pressures (Fig. 3) increase to about twice 
the resting level (Ekelund and Holmgren, 1967; Thadani and Parker, 1978). 
However, right ventricular filling pressure remain constant or fall slightly 
during exercise in young subjects and increase only in older men (Granath et 
al ., 1964). These data probably underestimate the changes in effective right 
and left end-diastolic pressures which are likely to increase significantly. 
Mean pleural and in trathoracic pressure falls during exercise and is likely 
to equal -1 0 mm/Hg at maximal levels (unpublished data, Johnson, R.L ., Jr.). 
This gradient should be added to the conventional measurements (where atmo
spheric pressure is taken as 0) to obtain the physiologically relevant filling 
pressure. 
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FIGURE_; lndivklual and group mean values of left 
ventricular end-diastolic pressure ILVEOP) in the 
supine and sitting posi tions at rest and-during ex
ercise . L9ft ventricular end-c:iastolic cressure 1n 

the sitting position ..vas reccrde-J in only eighi 

subjects. (Thadan i and Parker, 1978) 

The combined results of recent studies based on echocardiographic and 
radionuclear imaging techniques (Stein et al., 1978; Crawford et al, 1979 , 
Wei ss et al, 1979; Rerych, 1979) have finally resolved the Starling question 
and indicate that an adequate stroke vol ume during exercise is achieved by a 
combination of an increase in preload end-diastolic volume and an increased 
contractile state with a mo re comple te emptying, i.e. an increased ejection 
fraction and decreased end-systolic volume. Salient data from a recent study 
performed at this institution (Poliner et al., 1979) are presented in Fig. 4 
There is no doubt that dynamic exercise presents a volume load to the left 
ventricle. 

Respiratory rate and tidal volume increase during exercise to provide a 
ventilatory volume of about 120 liters/min. at the ma ximal level . 

The metabolic adjustments during dynamic exercise are reflected by changes 
in RQ., i.e. the respiratory quotient or the volume ratio excreted C02/ consumed 
0 . The quotient is primarily determined by substrate utilization. At rest 
a~d during exercise at low intensities approximately equal energy amounts are 
released from carbohydrates and fats and R.Q. approximates 0.8. The balance 
is shifted to~1ard carbohydrates •t~ith increasing exercise intensities. The 
R.Q. is 1.0 during maximal exercise and reflects exclusive use of carbohy
drates at this level. 
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There is a progressive rise in arterial lactate levels. Lactate is 
produced at submaximal exercise levels by the anaerobic metabolism that is 
required to cover the oxygen deficit that is incurred at the onset of exercise 
but there is also preferential anaerobic glycolysis in certain muscle fibers 
(Hermansen, 1976). Arterial pH 1s maintained at normal resting levels until 
a maximal or near-maximal 1·1ork load le vel is reached. The large oxygen debt 
with high lactate levels that athletes can accumulate can cause pH-levels below 
7.oo. Potassium is released from working muscle and arterial levels may exceed 
6.o mEq/1 (Sal tin et al., 1968). t~echanisms involved in tha po tassium release 
and their physiological implications have recently been revi'e1-1ed by Knochel 
( 1979}. 

p < 02 

9 -
111 :-; ! 

I f j 

'1 i i 
I 1 iJ '----'--'

Oj 

;l =NS 

T r±-t 
I - I 

0' ~-is 

T 

fTl . . fT1 
! ! I J 

I I i I 
I I i ' r< ~~ 'o<rf 

o=:-lS 

-; 

1'l n 
t t ~ I 

;;<05 :~ > OS 

)< .02 ?> :.s 

fl T 

.--::--, fTl 
i I ;; I I I 

I - '; ! I 

!<JQ ,. J =.'-lS 
I go r 

:· l 
' 

' ' :· i 
! .l 

~!i 
I
I ! ! l 

I . I 

I 1 i 

I ~ • ~ 
! ' ··.· ' 

!-:-~ 
I ! 
I ' 
I 
' 
l L· 
I ;· 
l 
l 
I 

. j 
l 
' 

r. i I I I l I I 

I I :J •.'IS i o= ttS ; ;=·' iS 
I ~ I 

:;< C,5 -~ :;: =NS l,,·; ; ! f:'. ! -.-•JS ;: <G5 :_··_·, __ , 1 I ~ : ·l 
;;=NS · :;< (' 5 

LL.L .J 
! , ... ,~ : ~<:~= 

REST 

s u u s 
?=NS 

u 
;:~ <02 

s 5 u 

51 :.c::: ' ST;.G C:: : ? £ ~K 

Figure 4. Left ventricular performance during upright and supine 
bicycle exercise in 7 young normal subjects studied by equilibrium 
radionuclide ventriculography. (Poliner et al ., 1979). 
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Static exercise. The typical hemodynamic response to static exercise is 
illustrated in Fig. 5 and Table 1. The pressor res ponse is associated with a 
small increase in left ventricular end-diastolic pressure and an enhanced 
contractile state . Table 1 also included data ob t ained during dynamic exercise 
with small muscle groups. Under these condi t ions, static and dynamic exercise 
produce similar hemodynamic effects . These results challenge the traditional 
concept that the ~~de of exercise, i.e. static vs . dynamic, is the primary 
determinant of the hemodynamic response but derive support from neurophys i a
logical studies. Stimulation of receptors which have the capacity to sense 
motion - muscle spindles, receptors in joints, tendons, and ligaments - has 
little or no effect on the cardiovascular system. (Mitchell et al . , 1977). 
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HAND GRI P RESPONSE 

Figure 5. Hemodynamic response to static 
exercise (hand grip) in a subject with 
normal ventricular function. Loads 
correspond to 25 and 50% of a maxi mal 
voluntary contraction (MVC). From 
Mullins and Blomqvist, 1973 . 

Table l. Cardiovascular Response to Isometric and Small-M~scle 
Dynamic Exercise 

vo2 Q HR SBP DBP 

(L/MHI) ( L/MIN) (BEATS/~1IN) Mlot Hg 

REST 0.25 + .02 5.6 + 0 3 70 + 5 112 + 3 74 + 2 

HG, 25% MVC 0. 34 + .01 6.3 + . 5 79 + 4 144 + 3 100 + 2 
ARM CURL, 75% 0.44 + .05 7.0 + 0 7 82 + 6 138 + 5 100 + 4 

HG, 50% MVC 0.42 + .05 7.2 + . 6 90 + 4 154 + 4 114 + 4 
ARM CURL, 100% 0.61 ~ .05 7.9 + .6 91 + 4 154 + 4 104 + 4 

HG = Handgrip ~1V C Maximal Vo luntary Contraction 
n = 6 (Lewis et al., unpublished data) . 

FACTORS LIMITING PERFO R~1ANC E CAPACITY 

Oxygen transport and utilization. The pr incipal links of the chain of 
mechanisms transferring oxygen from amb ient air to t he tissues are li sted in 
Ta ble 2 (Johnson, 1976). There is solid evi dence from numerous longitud inal 
and cross-sectional studies that (except at high al titude) the lungs do not 
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1. Ventilatory transport 
2. Diffusion into blood 
3. Che~ical reacti on with hemogl obin 
4. Aortic transport (cardiac ou t put x arterial 02 ca pac i ty) 
5. Distribution of cardi ac output and diffusi on to sites of 

tissue utilization. 

Table 3 (Johnson, 1976). 

Average Functional CJpJcities oi the He:~rt :~. nd Lungs :H PI!Jk Exerc1se: Compariso n o f ~o rmJl 

Coll~gc Students and Athle tes o f Sim 1i:lr Age :1 nd lle1ght 

5 ~b it.! Colle ~l! Srude nu 

After 3 Weeks Af ter 8 Weeks 6 Olympic 
Contro l Bed Rl!st Training Athle tes 

~~~.-,-.-, o-lu_n_ra-ry-v-co-\[l-la-ri-on-r~~I~V~V-) ~I i t-c r-S/-Ill-in------------1~9-!-------2~0~!--------~!9~7~~----2: !9 
Trans!"l!r col! ifidc nt fur oxy gl!n. ( 0~_0 , ) ( ml/ ,~in )/(mm fig) 96 83 86 95 

Lung c:.. piii:.Hy blood vol ume (Vc ) ml · 140 14 1 206 24 1 
:O.b xi nw l <::•rdi:J...: llutput < Om :l :~:l ht~r s/m in 20.0 14.8• 22.3• 30.4t 
Srroke volume (SV) ml !04 74" 120• !67t 
Lun~ capi llary tr ·Jnsit ti r. tc ( J.I) sec 0.42 0.5 7 0 .5~ 0.4 8 
Ar teno vc nous 01 difference (AV J.01) vol% 16.2 16.5 11. 1• 18.0 
Blood 01 capacity (0 2 c:~p) vol% 21.9 20.5 20.8 22.4 
Ven ul ::~.tio n Jt max. exerci ~e (VEmax> liters/min 129 99 ,. 156' 193t 
~tax imal oxygen upt:..k e (Vol max) liters/ min 3.30 2.43 • 3.9 1' 5.3 8t 

•Significantly di ffe rent fr om control P < .05. 
t Signir"icantly diiferent from college students after training P < .05. 

limit oxygen trans po rt i n norma l subjects or in patients with card iovascu l ar 
disease. The tissue diffusing capaci ty which - according t o Krogh's concept 
is a funct io n of capill ary density , metabolic ra t e, and the capillary-tissue 02 pressu re gradient- may be al t ered by t rainin g and age. Howe ver, it is doubt f ul 
that t he clas s ical model i s applicable t o ske letal muscle (Sal tin et al., 1977 ) 
and variations are in any case not likel y to be of sufficient magnitude to 
explain the large interindividual differences in maximal oxygen upta ke that can 
be demonstrated in g ro~ps of normal subjects. Therefore, the mechanism li miting 
aeorbic work capacity is either cardiovascular oxygen transport or the capacity 
of the tissues, particul arly skeletal mus cle, to utilize~~· This concept 
is supported by the experi mental data presented in Tab.le 3. Various measuremen t s 
that relate to the first 3 steps in the oxygen transport chain (Table 2) show 
no differences between at hletes and non-athletic normal subjects . Large 
difference with respect to maximal oxygen uptake are paralleled by differences 
in cardiac output . However, it may be argued t hat ca rdiac output determined by 
the load of oxygen utilization rather than the reverse. 
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Physiology of skeletal muscle. The functional and metabolic character
istics of skeletal muscle have been studied extensively during the past decade. 
Links have been established between chemica! and histochemical characteristics 
and physical performance capacity. Important changes relating to cha nging 
activity patterns have been described in detail (Burke et al., 1975; Holloszy 
and Booth, 1976; Saltin et al., 1977; Gollnick and Sembrowich, 1977). 

Table 4. Characteristics of Skeletal Muscle in Sedentary Man 

Contractile 
Pro~erties 

Myosin ATPase 

Metabolic 
Potential 

Glycolysis 
Oxidation 

Substrate 
Utilization 

Glycogen 
Triglycerides 

Ca~illar1 Sup~l1 

Fiber Size 
(Modified from Saltin, 

Slow-Twitch( Red) 
ST 

+ 

++ 
+++ 

++ 
. +++ 

+++ 

++ 

1977) 

Fast-Twitch ('iihite) 
FT a FT b 

+++ +++ 

+++ ++++ 
++ + 

++ ++ 
+ + 

++ + 

+++ + 

Human skeletal muscle contains t1vo basic fiber types that differ with 
respect to metabolism and contractility (Table 4). Slo~1-twitch (ST) or red 
fibers are rich in myoglobin and mitochondria and have high oxidative capacity. 
~contractile response is slow, and they have low myofibrillar myosin 
ATPase activity . Fast-t1vitch (FT) or white fibers have a lo~ter myoglobin 
content and fewer mitochondria. The contractile response is fast, and FT fibers 
have high myosin ATPase activity. There are - at least in sedentary man - two 
distinct subgroups of FT fibers that differ with respect to their metabolic 
properties (Table 4) . The fiber types are distr·ibuted in a mosajc pattern 
(Figure 6). 

The ratio of red fibers to white fibers in humans varies greatly from 
individual to individual. As 1vould be expected because of the basic fiber 

-8-



characteristics, the best athletes in endurance sports have a very high propor
tion of red fibers, whereas many athletes successful in sports requiring great 
speed and high-intensity work of short duration have mainly white fibers. 
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Figure b. Serial cross sections of biopsy samples from ~he vastus lateral is muscle of _man 
strained for myofibrillar ATPase {series A) to show S_T (ll_ght} and FT (dar~) fibe.rs. Sene~~ 
is stained for NADH·diaphorase activity to show o:udat!'le enzymes, senes C IS an alp a 

glycerophosphate stain fo r anaerobic activity. 

(From Gollnick and Sembrowich, 1977). 

Figure 7. Percent slow-twi tch(ST) 
fibers in a group of sedentary 
men (dashed curve) and in indi
vidual biopsies from successful 
athletes. From Sal tin et al., 
1977. 

I \ 
I \ 

I \ 
I r \ 

/ !;ii~M 0 \ 
/ T M M r M O 0 ~ r-rls TM JTJ >-AMMMMOOM oMMO'b ..... o 0 0 

10 zo 10 •o so so 10 ao 90 100 .,, 

ST 

The differences between spr inters and long distance runners are particularly 
impressive (Fig. 7) whereas jumpers and throwers have a more balanced fiber 
composition. It is possible that in these events muscle mass and the abi lity 
to recruit instantaneously a majority of the fibers are more important factors 
than the fiber type. The distribution is genetically determined (Komi et al., 
1977). The oxidative capacity of both. red and white fibers can be greatly 
increased by physical training, but glycolytic capacity and contractile proper
ties are not modified. Mitochondrial volume increases sign ificantly (Fig. 8 
and 9, from Gollnick and Sembrowich, 1977). 
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There are important differences between red and white fibers 'llith respect 
to innervation. The two fiber types are recruited selectively during exercise. 
Red fibers are supplied by small neurons with a low threshold of activiation and 
are used preferentially during exercise of low intensity. White fibers are 
innervated by larger neurons with a high threshold, and they resist activation 
until exercise reaches high intensities. Both f i ber types are active during 
very high intens i ties of exercise. 
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Figure 8. Hexokinase (HKl. '.iuccinate dehydrogenase (SOH), bet_a .h~dr?xy-acyi-CoA 
dehydrogenase (30HAOH) and lactate dehydrogenase (LOH) act1vtt1es 1n the vastus 
lateralis muscle of a group of untrained and endurance trained women. Unpublished 
observations from Petersen, Rassmusen, Sembrowich and Gollnick, March 1976 . 

Figure 9 . Mitochondrial vol umes m the fibnllar and perinuclear zones of untra ined and trained old 
men. young (yg; men before and after 14 and 28 weeks of training and top class athletes (Ath). 

(From Gollnick and Sembrowich, 1977) 
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The presence of prominent adaptive changes in skeletal musc le has lent 
support to the hypotheses that (1) the peripheral training effects are pri mary 
and any changes affecting the central circulat·ion are secondary, and, (2) the 
peripheral oxidative capacity is the main determinant of aerob ic capacity 
(Kaiser, 1970) . There is no doubt that local adaptations have significant 
effects on the systemic response to exercise. However, several lines of evi
dence support the traditiona l view that the cardiovascular oxygen transport 
capacity is the limiting mechanism during exercise with large muscle groups. 
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Quantitative estimates of the activities of various oxidative enzymes indicate 
that the potential of the total skeletal muscle mass to utilize oxygen exceeds 
the cardiovascular transport capacity (Gollnick and Sembrowich, 1977). Studies 
in middle-aged men have demonstrated that training may cause significant mus
cular enzymatic changes in the absence of any effects on maximal oxygen upta ke 
(Orl ander et a 1., 1977). Furthermore, an increased oxygen content of the 
ambient air produces - in the absence of significant changes in density and 
viscosity of the inhaled gas mixture - an oxygen uptake that is significantly 
higher than the maximum measured at sea level partial pressures (Fagreus et al., 
1973) . Maximal oxygen uptake may therefore in norma l subjects and patients with 
cardiovascular disease be viewed as an index of cardiovascular funcitional 
capacity . 

EFFECT OF PHYSICAL TRAINING 

Maximal Oxygen Uptake. There is ample evidence (revie~ted by Clausen 1975 
and 1977 and by Scheuer and Tipton 1977) that dynamic exercise training programs 
of a du ration of at least 4-6 weeks and based on exercise with large muscle 
groups will produce a significant increase in maximal oxygen uptake. The 
magnitude of improvement in normal subjects (Saltin, 1971) tends to be invers el y 
proportional to capacity before training and to~ (Figure '10) . An inverse 
relationship betHeen the degree of improvement and pre-training capacity has 
been established also for patients with coronary disease with and without angina 
pectoris (Detry et al., 1971 and 1973). 
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!'igure 10. Relation beh1een initial 
state of fitness and the magnitude of 
improvement in maximal oxygen upta ke 
after training in different age groups . 
Data from 16 different studies, com
piled by Grimby and Saltin. From 
Saltin, (1971). 

Internationally .successful athletes participating i n e~duran~e events 
generally have~ max1mal oxygen uptake exceeding 80 ml. Kg -'·min-T compared to 
the .35 to 40 (w1th a standard deviation of about 5) found in yo ung normal 
s~bJects .. The ~evelopment of a champion athlete clearly requires a combination 
o except1onal 1nborn characteristics and hard physical training. 
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Other determinants of the mag nitude of the response to training than the 
pre-training functional state include the intensity, frequency, duration of 
the training sessions and the total durat ion of the program. Attempts have 
been made to define the relative impor tance of these characteristics but a 
consistent pattern has yet to emerge (Shephard, 1968; Pollock , 1973; Nordesjo, 
1974) . Intensity may be the most important single determinant (Kilborn , 1971; 
Nordesjo, 1974). The minimal amount of physical activity that may produce a 
training effect has also been investigated. Heart rates during training of 130 
beats/min and a relat i ve load (defined as actual oxygen uptake as a percentage 
of ind i vidual maximum) of 40% have sufficed in some series (Karvonen et al . , 
1957; Roskamm, 1967; Ki lborn, 1971 a and b; Pollock, 1973; Nordesjo, 1974) . As 
little as 30 minutes of relatively high- intensity exercise accomplished during 
2- 3 week ly sessions produced significant effects in one series of very seden
tary middle-a ged men but a s ingle ~1eekly 12-minute sess ion failed to maintain 
the improvement (Siegel et al . , 1970). 

More data are needed on the time at which the various training-induced 
adaptations occur. A pnase- shift between the me tabolic adaptations of skeletal 
muscle and the changes in max imal oxygen uptake has been observed in ma n 
(Sa l tin, 1977) . Animal experiments suggest that changes in coronary flow 
patterns precede other circulatory adaptations to training (Stvne, 1977) . 

The general relationship between the amount of training (intensity, 
freque ncy, duration of sessions and total duration of the program) and the 
degree of the improvement seems to be defined by a si gmoid stimulus-response 
curve (Siegel et al., 1970). There is an apparent threshold leve l -which 
probably is a function of peak habitual levels of activity before training 
and returns rapidly diminish once a certain sti mu lus le vel has been reached. 

Specific Circ ulatory Effects of Training. The over-all functiona l cardio
vascular effects of training may be viewed in terms of a rearranged Fick 
equati on where Oxygen Uptake = Stroke Volume x Heart Rate x A- V 0 dirference. 
Cross-sectional compar isons of individua l s with marked ly differen~ maximal 
oxygen upta ke indicate that the variations can largely be accounted for by 
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Fig. __9. Typical values at maxima l oxygen uptake ior a patient with heart disease. a 
sedentary normal man. a nd an endurance at hl ete. 

(From Mitchell and Blomqvist, 1979 ) . 
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differences in max i mal stroke volume and cardiac o~tpu~ . Variations ~n total 
A-V o difference and maximal heart rate are quant1tat1vely far less 1mportant 
as iltustrated in Figure 11 . (Saltin, 1971; Rowe! l, 1974; Clausen, 1975 and 
1977; Johnson, 1977; Scheuer and Tipton, 1977). 

Any training-induced increase in maximal oxygen uptake in normal subjects 
is likely to be associated with an increase in maximal stroke volume and cardiac 
output. Maximal heart rate is either unchanged or only slightly lower after 
training but a decreased heart rate at any given submaximal level of oxygen 
uptake is the most consistent of all training effects. (Figure 12) A few 
investigators have reported decreased submaximal cardiac output after training 
(Andrew et al., 1966; Hanson et al., 1968; Ekblom, 1969) but most ser ies have 
shown no change in the relation beb1een submaximal oxygen uptake and cardiac 
output (Rowe l l, 1962; Sal tin et al ., 1968; Sal tin, 1971; Clausen, 1975 and 
1977; Scheuer and Tipton, 1977). The maximal A-V 0? difference is in subjects 
with normal arterial 0 content a function of the capacity to extract oxygen 
and to redistribute ca~diac output by refJex vasoconstrictio n in inactive 
tissues and metabolically induced vasodilation in muscle. The A-V 07 differ
ence is wider after training in normal young men (Sal ti n et al . , 1968) but does 
not change in women (Kilborn, l971a) or middle-aged men (Hartley et al., 1969). 
The reasons for this di.screpancy are not apparent. Data relating to oxidat ive 
capacity, blood flm~. and vascularity of skeletal muscle provide no clues. 
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Figure 12 . Stroke volume, 
heart rate, and cardiac output 
before and after training in 
young and middle-aged men. 
From Sal tin 1971. 



T~aining can induce an increase in the in-vitro activity of oxidative enzymes 
in most subjects irrespective of age and sex (Go l lnick and Sembrowich, 1977} 
but absolute levels tend to be lower in women than in men (Sal tin et al ., 
1977). The number of capillaries per muscle fiber also increases with training 
and increasing maximal oxygen uptake and decreases with age. However the capil
lary/ fi be r ratio is similar at comparable levels of maximal oxygen upta ke in 
men and women (Saltin et al., 1971). Furthermore, there is no evidence for any 
age- or se x-related impairment of vasoconstriction in inactive tissues during 
exercise (Rowell, 1974). 

The principal features of the cardiovascul ar response to train i ng and 
inactivity in normal subjects were well documented by the mid- 1960 's (Rowell, 
1962; Andrew et al., 1966; Saltin et al., 1968; Hanson et al., 1968; Ekb lom et 
al., 1969). t•1ore recent studies have demonstrated that the gross cardiovas 
cular changes are produced by a complex set of interacting central and pe ri phe ral 
mechanisms operating at multiple levels, e . g. structural, metabolic, and 
regulatory. 

Cardiac Di mensions . There is a large older, mainly German and Scandinavi an 
literature on the relationship between heart size and physical performance in 
athletes and normal subjects. In general, total heart size as esti mated f rom 
bi-plane radiographs has in cross-sectional studies bee n found to correla te 
closely with maxi ma l oxygen upta ke, cardiac output, and stroke volume (Hol mgren 
and Strandell, 1959; Musshoff et al., 1959; Pyor'Al~ et al., 1967; Saltin and 
Grimby, 1968 ; ~strand and Ro dahl, 1977) . The results from longitudinal series 
are less consistent and range from a close correlation between changes in 
maximal oxygen uptake and stroke volume and total heart size in young normal 
subjects (Sal tin et al., 1968} to no correlation in midd le- aged men (Saltin et 
al., 1968; Ehsani et al., 1978). On the other hand, former endurance athletes, 
including you ng women, who have trained intensely over several years and later 
adopted a i evel of relative inactivity, maintain a large hea rt size (Ho l mgren 
and Strandell, 1959; Pylir~l~ et al., 1967; Salt in and Grimby, 1968; Erikson et 
al . , 1975). 
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From Roeske et al ., 1975 . 
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professional basketball players . 



Studies based on echocardiographic (Gilbert et al., 1975; Morganroth et 
al., 1975; Roeske et al . , 1975; Under1~ood and Schwade, 1977; Zoneraich et al., 
1977; DeMaria et al ., 1978; Ehsani et al., 1978; Longhurst et al., 1979) and 
radionuclear techniques (Rerych et al., 1979) have generated specific and 
detailed dimensional data. It has been suggested that endurance training, i.e. 
a chronic volume load, causes an increase in l eft ventricular end-diasto li c 
volume without major changes in wall thickness, whereas isometric exercise, a 
pressure load, produces an increased wa ll thickness without any change in left 
ventricu lar volume (Morganroth et al., 1975) . 
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f iG URE 13. Echocardiographically measured ldt ventricular end diastolic volu me in 
college athletes. Numbers represent mean values :!:standard errors (SE). Data on 
swimmers and ru nners are stat is ticallY different fro m those of wrestlers and normal 

sub jects (p < o.oon . (From Morganroth et~ a 1., 1975 and 1977). 

The exercise-induced cardiac hypertrophy appears to be gl obal. (Table 5) 
Left atrial and ri ght ventricular demensions are consistently increased in sub
jects with left ventricular hypertrophy (Roeske et al ., 1976; Zoneraich et al., 
1977; Unde~ood and Sch~1ade, 1977; Muntz, 1979). 
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Several groups (Roeske et al ., 1976; Underv10od and Schwade, 1977; 
Laurenceau et al., 1977) have reported abnormal wall thickness ratios, i.e. 
septal/left ventricular posterior wall thickness ratio~ 1. 3, in up to 10 
percent of the athletes studied. The abnormal wall thickness ratio was once 
considered strong evidence for idiopathic hypertrophic subaortic stenosis, 
IHSS or ASH, asymmetrical septa l hypertrophy (Henry et al., 1973). However, 
in no case has the abnormal wall thickness ratio been associated with the 
abnormal systolic anterior motion of the mitra l valve that is characteristic 
of obstructive cardiomyopathy. It is possible that the disproport ionate increase 
in septal thickness is an artifact due to the anatomical characteristics of the 
chest and an obl ique direction of the beam traversing the septum (Roeske et 
al., 1976). 
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F IGURE I~. Echocadiographically measured left ventricular (LV) free wall thickness 
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statistically different from those of swimmers, runners, Jnd normal subjects 
( p < 0.001). 

-
(From Morganroth et al., 1975 and 1977) . 

Two recent studies at this institution, an echocardiographic human study by 
Longhurst et al., (1979) and a morphological experimental study on weight
lifting cats (Muntz, 1979 ) have provided interesting new information . Longhurst 
et al. compared several groups of endurance athletes and weight-lifters with · 
appropriate sedentary control groups.The results confirmed t ha t both dynamic and 
isometric training cause an increase in absolute left ventricular mass but also 
demonstrated that only endurance tra ining increases mass normalized with respect 
to lean body mass. (Table 6). The left ventricular mass/volume ratio was increased 
only in competitive weight lifters. 

Character i stically, the normal heart muscle grows to match the work level 
imposed on the ve ntricle, maintaining a constant relationship between systolic 
pressure and the ratio of wall thickness to ventricular radius, irrespecti ve of 
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ventricular size (Ford, 1976) . This means that normally wall tension is kept 
constant according to the law of Laplace. The weight lifters' increased mass/ 
volume ratio is inappropriate relat i ve to their blood pressure at re st. But the 
increased wal l- thickness is most li kely appropriate to the hemodynamic condi
tions during isome tric exercise and strength tra ining ~1hich induce a marked 

Table 6. Effect of Physical Training on Le ft Ventricular Mass 
Echocard iographic Data from Longhurst et al . , 1979 

N Abso 1 ute r~ass Relative Mass 
(Grams) (Grams/KG LB :~) 

Sedentary Controls 24 136 + 10 2. 3 + .2 

vJei ght Lifters 
Non- Competitive 7 174 + 20 2.5 + .2 
Competitive 17 190 + 10 2. 6 + . l 

Long- Distance Runners 12 195 + 12 3.2 + . 2 -

Mean Values+ S.E. LBt·1 = Lean Body Mass 

pressor response. By the same token, an increase in ventricular volume with a 
secondary small increase in \~all-thickness is in li ne with the volume load 
during large-muscle dynamic exercise. 

The quantitative relationship between the amou nt of training and hypertro
phy has not been established. A threshold l evel may be present, abo ve which 
there is a positive correlation between the degree of hypertrophy and the in
tensity and duration of training (Mu ntz, 1979) . Some experi menta l studies on 
endurance training have failed to produce hypertrophy (Scheuer and Tipton, 1977; 
Muntz, 1979), whereas only a few minutes daily weight-lifting exercises produced 
a marked cardiac and skeletal muscle hypertrophy in the cats studied by · 
Muntz 1979. 

The physiological hypertrophy due to dynamic or isometric exercise training 
can be clear ly separated f rom the changes induced by severe chronic volume 
and/or pressure overloads by morphological criteria . Physiological hypertrophy 
causes only a moderate increase in heart size . Weights higher than 500 grams 
are rarely seen in athletes (Li nzbach, 1960) whereas valvular and myocardial 
disease may produce weights 1·1ell above 1,000 grams . The primary mechanism in 
both the abnormal and physiological situation is hypertrophy of the individual 
muscle fiber. No convincing signs of hyperplasia have been described. The 
ratio myocardium/ interstitial tissue remains normal in physiological hypertrophy 
but is increased in failure (Juster et al., 1g77; Muntz, 1979). 
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There is experimental evidence for a training-induced increase in the size 
of the coronary vas cular bed (Scheuer and Tipton, 1977; \oiyatt and ~1itchel l , 
1978; Muntz, 1979). The extent to wh ich the increase exceeds the increase in 
mass in the normal heart remains to be determined but it is unlikely that 
myocardial perfusion is a primary limiting factor in normal subjects. Direct 
measurements in man have demonstrated that a linear relationship between coro
nary flow and myocardial work is maintained also during maximal and near-maxfmal 
total body v1ork loads (Holmberg et al., 1971; Jorgensen et al., 1977) . The 
exercise ECG is usually normal in physiological hypert rophy (Raskoff et al . , 
1976) but often abnormal in left ventr icular hypertrophy due to hypertension or 
valvular disease also in the absence of coronary artery disease. 

Ventricular Function. It seems likely that an increase in left ventricular 
dimens1ons contributes significantly to the improved pump performance after 
training. Further studies are neces sary to define the importance of changes in 
ventricular mass compared to other determinants of cardiac performance, e.g. 
1ntrinsic con tracti le state, autonomic cardiac activity, and changes in preload 
and a f.terl oad. 

Experimental studies have demonstrated cardiac biochemical adaptations to 
training which generally are less promi nent than the changes in skeletal muscle 
and affect the utilization rather than the fo rmation of high-energy phosphate 
bonds (Scheuer and Tipton, 1977). Studies based on isolated perfused and 
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Figure 15. Percent i ncrease for 
conditioned hearts over sedentary 
hearts in energy-related functions. 
Max dp/dt = maximal rate of pressure 
rise. Measurements at t'tiO di ffe rent 
preload levels, i.e. end-diastolic 
pressures of 10 and 20 em H?O. 
From Scheuer 1977. -

working heart preparations suggest improved mechanical myocardial performance 
and relative resistance to ischemia after training (Scheuer, 1977, Figure 15) 
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but results from papillary muscle preparations are highly variable and incon
clusive (Table 7 from Nutter and Fuller, 1977) . Human data are difficult to 
evaluate due to training- induced changes in heart rate , afterload and preload. 
Longitudi nal and cross-sectional echocardiographic studies (Morganroth et al., 
1975; Roeske et al., 1975; Ehsani et al., 1978; DeMaria et al . , 1978; Longhurst 
et al., 1979) have provided no convi nci ng evidence for physiologically signifi 
cant changes in intrinsic contractile properties. However, training may improve 
myocardial performance by enhancing t he contractile response to a-adrenergic 
stimu lation. Support for this mechanism can be derived from experimental 
st udies (Stone, 1977; Mole, 1978; \~yatt et al., 1978) . Corresponding human data 
is not avai l able. 

Ta ble 7. Tra i ning Effect on Isolated Cardiac Muscle (Nutter and Fuller 1977) 

Wyourd~l J.lechanics 
Source Animal Tninin& C~rdiac HJQertr~h! Active ?min 

Mol! (ll) Rat Swtmm ing ·Yes t ~sometnc 
tSO[QniC 

n.c. 

51!11 (IS) Rat Swtri'tmtng Yes n.c. or t tsometnc n.c. 

Amsterdam (l) Ral Swimmmg Yes n.c. isometric li .C. 

Gnmm {5) Rat Runntng Yes n.c. or ~ tsome t r i c n.c. 

Hilhams (16) Cal Runntng No n.c. 
tsometric 
tsotomc 

n.c. 

Nutter 0 2} Ral Runn ing Yes ~ isometnc n.c. 
'Ayocardta l mechantcs results ;hat compare isometric Gr tsotomc data from paolllar, muscles cr iett ·tentricular trlbecu lae of tratned he3rtS Ntlh da!a !rem iederltary co ntrols. nc 
= no chana;e m mechantcs wtth naming. 

Afterload reduction due to increased conductance of work i ng skeletal muscle 
may account for a major portion of the increase in maximal stroke volume and 
cardiac output in normal subjects after training (Clausen, 1975). The exact 
mechanisms remain controvers i al but inc l ude an increased vascularity of skeletal 
muscle (Sa l tin, 1971; Scheuer and Tipton, 1977; Sal tin et al., 1977). A large 
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Figure 16. Maximal oxygen upta ke as a func 
tion of total systemic peripheral resistance, 
expressed as the ratio Mean arterial blood 
pressure/Cardiac output during max imal work 
(MBP /Q ) . Open circles represent indi
vi duWfXmeWg6rements in normal young and 
middle-aged men and women and in patients 
with coronary heart disease or hypertension. 
Closed ci rc 1 es denote group mean va 1 ues. The 
distribution is defin~d by the regression 
equation: y = 11.8/x'' · 72 v1here y is maximal 
oxygen uptake in l iters/min. and x the ratio 
Mea n arteria l blood pressure (mmHg)/Cardiac 
output (i i ters/min . ) The correlation 
coefficient is 0.87 . From Clausen 1975. 
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amount of data from cross - sectional and longitudinal studies have demonstrated a 
strong correlation (Figure 16) between total systemic conductance and maximal 
oxygen uptake. Cardiac output may reach 40 l iters /min. in a champi on endurance
athlete who is li kely to have a lower mean arterial pressure during maximal work 
than a sedentary middle-aged individual with a maximal cardiac output of 10 
liters /min ., i.e. data representing a better than four-fold difference with 
respect to maximal conductance. Physical training generally produces a lower 
arterial pressure at res t but blood pressures during exercise in young normal 
subjects do not change signif ican t ly (Sal t in et al., 1968; Clausen, 1975; 
Scheuer and Tipton, 1977). Older and unfit subjects are more likely to show a 
blood pressure reduction as are patients with hypertension or coronary disease. 

There are only limited data on the effect of training on venous return and 
preload. A reduction in systemic vascular resistance would by itself have a 
favorab 1 e effect on venous return according to Guyton's model (Green, 1979). 
Acute blood volume expansion has little or no effect on maximal performance 
(Robinson et al., 1966) unless the oxygen carrying capacity of arterial blood is 
increased (Ekblom et al . , 1976). However, there is some evidence to suggest 
an increased preload during exercise after training. Changes in physical 
activity and maximal oxygen uptake are paralleled by small but significant 
changes in total blood volume (Saltin et al., 1968}, usually \~ithout major 
changes in hemoglob in concentration or hematocrit. Well - trained athletes have 
hi gher pulmonary arterial ~ledge pressures during supine exercise than sedentary 
normal subjects (Bevegard et al., 1963). Both right and left ventricular 
filling pressures during exercise increase 11ith age and very high ~tedge pres
sures have been recorded in elderly men with high maximal oxygen uptake and 
cardiac output (Strandell, 1964). The improved pump performance after training 
in patients 1~ith coronary disease also appears to be associated ~lith higher left 
ventricular filling pressures and l arger left ventricular end-d iastolic volumes 
(Frick et al., 1971; Wallace et al., 1978). 

Regulatory and Peripheral Training Effects. Seve ral features of the re
sponse to progressi vely heavier exercise are normally more closely related to 
relative than to absolute 1~ork load (Ro~1ell, 1974; Astrand and Rodahl, 1977). 
Substrate utilization (fat versus carbohydrates}, pattern of recruitment of 
specific fiber types, heart rate, respiratory rate, total A-V 0? difference 
and the degree of vasoconstriction in the renal and hepato- splanchnic circula 
tions can all be related to relative load. An increased maxi mal oxygen uptake 
therefore means that work at any given absolute submaxi mal level can be per
formed more economically. The cost of oxygen transport is reduced, i.e. 
myocardial and respi-ratory l·tork is lm1er, and the hemodynamic and metabolic 
reserve capacity is enhanced (Figure 17). The exact mechanisms that link re 
sponses to relative load have not been clearly defined . The response to exer
cise is affected by multiple reflex mechanisms with receptors in skeletal 
muscle and in the central circulation. There are also links between the motor 
cortex and regulatory cardiovascu lar centers providing a matrix for "central 
command" and "cortical radiation" {t-!itchell et al., 1977; Longhurst and 
Mitchell, 1979}. Chemoreceptors sens ing the condition of mixed venous blood 
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Figure 17. Rate of glycogen 
utilization at a given sub
maximal work load before and 
after traini ng. The decreased 
rate after training reflects an 
increased utilization of fat and 
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1977. 

would provide a means of monitoring relative load but attempts to i solate such 
receptors have failed. Studies of dynamic and isometric exercise, including 
training studies and the use of arm exercise and one-legged exercise, have 
documented that local adaptations significantlt alter the systemic hemodynam ic 
response (Clausen, 1975 and 1977; Saltin, 1977). The metabolic state of the 
muscle- which is closely lin ked to relative load- probably determines impulse 
traffic in the muscle afferents . Stimulation of muscle receptors is a major 
determinant of the cardiovascular response to isometric exercise (Mitchell 
et al., 1977; Longhurst and Mitchell, 1979) and there are also data s~pporting 
an important role :n dynamic exercise (Bonde-Petersen et al., 1978). The 
separation and identification of training ef~ects on central command or cortical 
radiation muscle reflexes , and reflexes originati ng in the carotid and intra
throacic baro- and chemoreceptors remains a key area of i nvestigati on in 
exercise physiology. 

The complexity of the regulatory changes that are induced by training is 
well illustrated by the effects on heart rate. The normal heart rate response 
to exercise is mediated by a combination of vagal withdrawal and a-adrenergic 
stimulation. The esentially linear relationship between heart rate duri ng 
exercise and relative load is not altered by training or deconditioning (Sa ltin 
et al., 1968) but sinus bradycardia at rest and decreased heart rate at any 
absolute level of submaximal oxygen uptake is the hallmark of a cardiovascular 
training effect. The bradycardia is usually associated with an increase in 
stroke volume but the relationship is not obligatory or casual. Ttaining
induced btadycatdia often occurs in patients 11ith coronaty di sease in the 
absence of any sttoke volume changes (Detty, 1973; Clausen, 1975: Scheuer and 
Tipton, 1977). 

The combined results ftom normal and abnormal human subjects and various 
experimental preparations (Scheuet and Tipton, 1977; Tipton, 1977) have pto
vided inditect evidence fat decreased adtenetgic activity after training. 
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Plasma levels of epinephrine during exercise are 10\'ler both in normal.sub~ects 
and in patients with coronary diseas e (Cooksey et al., ~978) . There lS l1ttle 
or no change in norepinephrine leve ls . Data on myocard1al levels of cate~hol
amines are conflicting (Tipton et al., 1977) . Responses t~ beta~adrenerg1c 
stimulation and blockade in various models have also been 1ncons1stent. Less 
epinephrine may be present at cardiac r~ceptor site~ after training but the 
sensitivity of the s receptors may be 1ncreased (Tlpton et al., 1977). There 
is more agreement on1the training effects on.the parasympatheti ~ sy~t~m with 
considerable evi de nce relating the bradycard1a to 1ncreased ava1lab1l1ty of 
acet~lcholine at the cardiac receptor level, perhaps due to an increased 
synt esis (Ekstrom, 1974). 

Several studies have also demonstrated a significant non-autonomic 
component of the training-induced brad~cardia, i.e. a decrease in ~ntrinsic 
sinus node rate as measured after comb1ned vagal and beta-adrenerg1c blockade 
(Lel'lis, 1977) . The exact mechanisms are not knO\-m . However , all cardiac 
pacemakers respond to stretch with an increased rate of ~ischarge (Jensen, 
1971) and it is tempting to speculate that the hemodynam1c volum~ lo?d ~ ~so
ciated with training may produce a stress relaxat ion phenomenon 1n tne s1nus 
node. 

The exercise-induced reduction of blopd flow to tissues that are metabol
ically less active than skeletal mu scl e, i.e. the kidneys, the liver, and 
the splanchnic organs, is strongly related to relative load (Rowell, 1974; 
Clausen, 1975 and 1977) and to t he level of adrenergic stimulation . The train
ing effects on blood flow patterns parall el the effects on heart rate, i . e. 
the inverse reliltionshi p bet•,'/een relati'te load and flm1 remains essentially 
the same after training but perfusion is imp roved at any absolute submaxi mal 
level of oxygen uptake. 

Thus, autonomic function is a major de termi nant of the acute response to 
exercise and training induces major adapti ve cha nges. Neverthe less, there is 
strong evi dence that train ing effects can be produced also in the absence of 
an intact autonomic nervous system. Si gnificant changes in maximal oxygen 
uptake and hemodynam ic res po nses have been observed in patients \'lith coronary 
disease (Vetrovec and Abel , 1977; \•/elton et al ., 1979 ) and normal subjects 
(Lester and Wallace , 1978) who du ri~g endurance tra in ing were treated with 
moderately high doses of beta-blocking agents. Training effects have also 
been induced i n a variety of experi mental anima l models (Scheuer and Tipton, 
1977; Tipton et al., 1977) with significan t ly altered autonomic and metabolic 
regulation (unilateral vagotomy, immunological sympathectomy, diencephalic 
lesions, thyroidectomy, adrenalectomy, hypophysectomy, genetic hypertension). 
This is an area that needs further exploration to provide more ins i ght into 
basic mechanisms and to i dentify harmful and beneficial i nter-actio ns between 
training and au tonomic agonists and antagonists . For example , there is evidence 
for differential inotropic and chronotropic responses to acute stimulation of 
cardiac s1 receptors (Tuttle and J11ills, 1975). Available data suggest decreased 
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chronotropic and increased inotropic sensitivity after tra1n1ng (Tipton et al., 
1977; Scheuer and Tipton, 1977; Stone, 1977; Mole, 1978; \olyatt et al., 1978) 
but the effects on different subsets of receptors has not been systemically 
studied. The role of a-adrenergic mechanisms as determinants of the acute 
response to exercise is poorly understood and even less is known about training 
effects (Siltovouri, 1977). It would also be important to establish the extent 
to which the autonomic and metabolic conditions that characterize large muscle 
exercise at moderate and high intensities are essential to the achievement of 
classical circulatory training effects. Preliminary data suggest that peripheral 
training effects, including enzymatic adaptation in skeletal muscle, can be 
achieved at very low levels of_myocardial and total body work by sequential 
high-intensity dynamic exercise training of small muscle groups (Gaffney, Grimby 
et al., personal communication). 

Knochel (1979) has recently demonstrated that training causes an increase 
in total body potassium, decreased plasma and increased intracellular levels, 
and a hyperpolarization of the skeletal muscle membranes. The altered potas
sium distribution may have important effects at multiple levels, including 
reflex and hormonal regulation. 

CLINICAL FEATURES OF ATHLETE'S HEART 

Physical examinations are often required for participants in organized 
sports and are at times supplemented by electrocardiograms and chest X-rays. 
Many athletes, particularly those taking part in endurance events, will have 
findings that may be taken as evidence for heart disease, e.g. cardiomegaly, 
murmurs, gallop sounds, and a variety of ECG abnormalities. A majority of 
these findings can clearly be attributed to physiological adaptat ions when 
viewed in the context of a history of athletic training and participation. A 
standard clinical exercise test and echocardiography often provides valuable 
support for a diagnosis of physiological hypertrophy by demonstrating normal or 
superior exercise capacity and the absence of any valvar or myocardial disease 
or dysfunction. 

PHYSICAL EXAMINATION AND PHONOCARDIOGRAPHY 

The physical demands of various sports are reflected by characteristic 
somata- types. t~ st champion long-distance runners are of average height or 
less , show little skeleta l muscle hypertrophy and have very 1011 levels of body 
fat and a low total body weight (Pollock et al., 1977; \olilmore et al., 1977). 
Average weight in elite distance runners is about 62-63 kg •t1 ith a relative fat 
content of 4-5% compared to 75 kg and 13% in average young men. 

Cardiac findings. Physical signs of definite right or left ventricular 
hypertrophy are absent. The heart rate is slow (see the ECG section below). 
Third and fourth heart sounds are common (Gott et al., 1968). Roeske et al., 
(1976) noted third sounds in 24/25 profession~! athletes and 14 or 56% had 
fourth heart sounds. The audible third sound has no clinica l significance below 
age 35-40 and is a function of a prominent rapid filling phase during early 
diastole. The mechanisms responsible for the fourth sound are uncertain. The 
abnorm~l fourth sound - which is loud and relatively high-pitched - i s usually 
associated with a reduced left ventricular distensibility due to increased 
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wall thickness and/or increased end-diastolic pressures. Fil ling pressures at 
rest are normal in athle t es. A combination of a long P-R and a thin chest wall 
may make a normally inaudible (but easily recorded) fourth sound audible 
(~lomqvist, 1979). 

S stolic murmurs are present in as many as 40% of athletes participating 
in endurance events Gott et al., 1968). The murmurs are of the ejection-type 
and often intermittent. The mechanism is presumably non-laminar flow across 
normal pulmonic and/or aortic valves due to a large stroke volume. The same 
basic mechanism can occasionally produce an apical S 3- rumble complex (Gott 
et al., 1968). Both · the sys to lic and diastolic murmurs disappear or become 
less prominent with decreased ventricular filling and stroke volume in the 
upright position. 

CHEST X-RAY 

As previously discussed, there is a strong correlation between radiological 
heart size, stroke vol ume, and maximal oxygen uptake. A routine chest X-ray of 
an endurance athlete often shows a globular heart without specific chamber 
enlargement (Beckner and Winsor, 1954) (Figure 18) with a cardia-thoracic ratio 
at or slightly above the upper normal limit of 0.50. Raskoff et al., 1976 re
ported a mean value of 0.42 in a series of runners and 4 of 23 had ratios 
> 0.50. 

:_t:::·:·_-:....: __ -~ r-- : . . -

~~~ ~:~'..-.. ~~::__ ~;~:~ ~~~ ----

~~~~~~~t0.l:0~,c'~~ 
Frr.. ~D.Tdeoroen t~cnu~ r:t m anJ electroca rd iogra m. tJ f a -t5 r ear 0 ld runner who ltas tmincd fo r 

20 r('a rs. The cardiac :l rca. as w~il a.s the long, transvrrsc and Uro:1.d Ubmctcrs exceed norm:l. l \·alues 
io r his he igh t :1nU wci~ht. Hig:h volbge oi QH.S complexes is :1 prom inent feature o( the elec trocar
diogr>m.TheSwnvcs inV, a rc J eep. (From Beckner and Winsor, 1954). 



ELECTROCARDIOGRAM 

A wide spectrum of ECG abnormalities has been described. T•8o major cate
gories are recognizable: (1) Abnormalities with respect to rhythm, A-V conduc
tion and ~olarization (ST-T ) , related to increased parasympathetic and de 
creased a-adrenergic drive, diminished or abolished by vagal block and/or 
exercise, (2) P and QRS abnormalities attributable to cardiomegaly and in
creased myocardial mass . 

The ECG patterns in athletes have been studied extensively. Several major 
reviews of large series, each •t~ith numerous references, are available (Klemola , 
1951; Beckner and 1Ainsor, 1954; Arstila and Koivikko, 1966, VanGanse et al., 
1970; Lichtman et al., 1973). 

Rate and Rhythm. Heart ra t e at rest tends to vary inversely with maximal 
oxygen uptake. Sinus bradycardia at rates below 40 may be seen in highl y 
trained long-diitance runners (Smith et al ., 1964; Schamroth and Jokl, 1969). 
The sinus bradyca rdia is usuall y associated with marked sinus arrh thmia. 
Coronary sinus rhythm and vtond~ring atrial pacemaker are also common Lichtman 
et al., 1973). Junctional esca e rhythms are seen is about 1 :~ (Klemola, 1951 ) . 
The junctional pacemaker Figure 19) may also show vagal effects with a re l ati ve 
bradycardia and rates below 45/ min . (Schamroth and Jokl, 1969). Ventricular 
~beats are common and may take the form of bigeminy (Lichtman et al., 

· - Schamroth & Jokl (1969) 

A:t£~~.1}2.:_ . [. ~ ~~}~0u ~ .l:2 ~-·::- ~ ·~~~ 

~~~~l~··· ·--~ ~L .~fi~~ 

B~~~g;~HJ2P??t2~E\ 
Fig. l.-Electroc3rdiogri: m (S tandard lead I) recorded from a 20 year old long dis tance ru nnl!r. 

A: at res t. After winn ing a cro~s country race ove r 2.82 mi les. B. 

First degree A-V block is common vlith a prevalence of 5 to 30% in different 
series (Licht~an et al., 1973) compared to the 0.7% reported in a large normal 
population (Hiss and Lamb, 1962). Second-degree A- V block i.e. Wenckebach or 
Mobitz Type I block is extremely rare in the general population but several 
cases have been reported in endurance ath letes. Exercise virtually always 
restores si nus rhythm with normal A-V conduction but the abnormal rhythms 
reappear post-exercise. 

P \>Javes. P vtave changes consisten t vtith right (amplitude > 2.5 rm1 leads 
II, III, or AVF) and left (duration > 0.12 seconds) atrial overload have been 
reported with prevalence figures as high as 50% (Lichtman et al., 1973). 

-25-



QRS Complex. The classical QRS changes are well illustrated in Figure 20, 
i .e. large ampl itut'es but a duration with.in normal limits . It is difficult 
due to variations with respect to criteria and characteristics of the study 
group to arrive at any reliable estimates of t he prevalence of left (LVH) and 
right (RVH) ventricular hypertrophy. MJst investigators have given prevalence 
figures between 20 and 50 percent for LVH. The rate of RVH ls usually some
what lower (Lichtman et al., 1973). Arstilla and Koivikko (1964), who combined 
vector- and electrocardiographic techniques, reported a pr~dominance of RVH in 
young and of LVH in old endurance athletes. 
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The correlat ion between the ECG fin dings and anatomical data derived from 
chest X-rays and echocardiograms is poor (Arst illa and Koiv i kko, 1964; Raskoff 
et al ., 1976). This is perhaps to be expected . -he mag nit ude of the body 
surface potentials is a fraction of cardiac size and musc l e mass but heavily 
influenced by the geometric relationships bet~leen t he heart and the torso. The 
combination of a large heart, thin chest wall , and relatively small total body 
size exp1ains the very large potentials in runners. The increased total 
cardiac muscle mass in weight-li ft ers with a la rge total body mass produces no 
ECG signs of hypertrophy (Longhurst et a 1. , 1979) . FL!rthermo re, the cardiac 
hypertrophy in athletes is global and the ECG recognition of balanced or biven
tricular hypertrophy is notoriously poor. 

The location of the QRS transition zone is variable . Q- QS waves in v 1 _~ simulating old anteroseptal myocardial infarction have been described (Figure 
21) but this finding is much less common than the RVH pattern 1~ ith tall R waves 
in the medial chest leads (Figure 22). 
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. ment elevation. 8, First -degree AV block, a right ventricular conduction abnormality and 
prominent lateral precordial vol tage. Not Illustra ted are s1nus bradyca rdia and intermittent 
4:2 2a Wenck eb.s::h AV block that were also recorded in this patient. 

{From Lichtman et al . , 19 73} . 
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Minor conduction defects, particularly in complete right bundle branch 
block (Figure 22) are common and have been reported in up to 50~ of the athletes 
in some series (Lichtman et al., 1973). The QRS abnormalities,including the 
incomplete RBBB, often resolve after cessation of training (Roskawm et al., 
1966). 

Figure 23. Mar ked ST elevation and T wave 
changes typical of early repolarization 
in a long -distance runne~ The ST 
elevation is most prominent in the leads 
with the tallest T waves. Note also 
the slurring of the terminal QRS. 
From Gibbons et al., (1977) . 

ST-T Segment. The typical secondary ST-T wave abnormalities of LVH are 
absent in physiological hypertrophy . "Early repolarization" denotes normal 
variant ST elevation, usually combined with a notch or slur on the down-stroke 
of the R wave and absence of the normal S wave, a gradual transition between 
QRS and ST, and tall T \•laves. The pattern is probably more common in black 
than in •.vhite sedentary norma l subjects but the prevalence difference is minor. 
There are also contrary to common belief only minor age differences (Parisi 
et al., 1971; Kambara and Phillips, 1976). Vagal tone is a major determinant 
of the ST-T amplitudes which are normally inversely proportional to heart rate . 
The early repolarization pattern is usually completely abolished by exercise
induced tachycardia. The heart rate dependence and the association with a 
typical terminal QRS pattern serves to differentiate the variant ST elevation 
from a current of in j ury to pericarditis or infarction. 

A "juvenile" T \•tave attern ~lith negative or biphasic T amp litudes in 
leads v1 4 is common (10-15% and T wave changes are occasionally seen in 
leads V : 6 (2 -3%). The l ate ral T wave changes tend to be labile and often 
disappe~r after atropine administration or exercise (Lichtman et al., 1973) . 
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SUDDEN CARDIAC DEATH IN ATH LETES 

Cardiovascular deaths in young athletes during taining or competition are 
relatively rare. Such deaths account for less than 0.1 % of the 3,000 cases 
that are investigated annually by the Med ical Examiner's Off ice in Dallas 
County (Petty- personal communication). Approximately l/2 of the deaths in 
ages below 20 occur without any demonstrable pathology and are presumably due 
to primary arrhythmias, i.e. "instantaneous physiological deaths". Coronary 
heart disease is the dominant cause in ages above 20 (Scnwartz, 1974). 

The rarity of fatal events \'/hen the base population is limited to participants 
in organized athletics makes it difficult to exclude bias in publi shed data . 
f'bst series consist of cases dra1m from poorly def ined source populat ions . 
Some trends are nevertheless apparent. Rose (1969) collected infcrmc.tion on 44 
cardiac deaths in organized sports occurring in the U.S.A. during the peri0d 
1961-67. Thirty-eight or 88% were in ages bet~1een 14 and 19. l•bre than half 
the deaths occurred during pre-season football practice. Deaths due to heat 
stroke (Knochel, 1977) \'/ere eliminated. Si x subjects had congenital heart 
disease, 2 myocarditis and 2 (age 19 and 22) co ronary disease, 2 chest t ra uma 
with myocardial contusion, and l rheumatic heart dise3Se. The presurr.pt ive 
diagnosis in the remaining group of 31 or 70;~ was pri ma ry arrhythmias, i.e. 
findings in agreement with the experience at the Dallas Midical Examiner's 
Office. 

Deaths due to arrhythmia without anatomica l cardiac disease are rare in 
ages over 20 and occurred in only one of 24 cases in a series recentl y studied 
at the National Institute of Hea lth (Table 8, Maron et al., 1978). 

Table 8. I_!iology of Sudden Deaths in Athletes \1·1aron et al., 1978) 

Age 14-30, N = 21 

Diagnosis 

Hypertrophic card iomyopathy 
Idiopathic concentric left 

ventricular hypertrophy 
Anomalous coronary artery origin 
Coronary artery disease 
Marfan's syndrome, ruptured aorta 
Coronary artery hypoplasi a 

No cause identified 

7 
5 

3 
2 
2 
l 

The high risk of effort-induced sudden death in coronary disease and i n 
IHSS and other forms of cardiomyopathy is well established. Congenital and 
functional abnormalities of the coronary circulation are less widely recognized 
as a cause of sudden death. 
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Congenital abnormalities of the coronar arter ies accounted for 4 deaths 
19% of the NIH series. Levin et al . • 1978 lists 4 ma j or types: (1) Coronary 
fistulae (2) Origin of the left coronary artery from the pul mona ry artery (3) 
Congenital stenosis or atresia (4) Origin of the left coronary artery from the 
right sinus of Valsalva with subsequent passage of the vessel between the aorta 
and right ventricular infundibulum. They described 34 angiographic cases, 21 of 
type (1), 12 of type (2), and 1 of type (3), but the distribution appea rs t o be 
different in series of sudden death. 

a 

~I(· .. 

'• !-._;:__ !/·., . ~ 0.--~~-:·r~c··~ 'f-- ·- .., 
_,., 
" . 

~ 
....----:--( 

-Fig. l!(.-\ no'ma lies of corona. ry arter ies in .t additional ..:ases. a: Left coronary a:-t~r~ 
ab.>ent, h f: both coronary arteries originating from commu n iunnel tn right JOrttc smus, 

c: both coronary aner i~s orig:i n3t ing separately from r~ht aortic si~u s, d: both coronarv ) 

arteries o rigina ting from displaced right aort ic cusp. \ Jok 1 & I ~CC 1 e 11 an, 1971 

Jokl and McClellan (1971) reported 7 cases of sudden death during spo rts 
events due to congenital coronary abnormalities. None of the subjec t s had been 
symptomatic. One subject had generally hypoplastic arteries and in t•t~o the 
left main artery originated from the pulmonary artery. In t he remai ning 4, 
both right and left coronary arteries or i ginated (either separatel y or as a 
single main trunk) from the right sinus of Valsalva. In 3 of t he 4 cases in 
this subgroup the 1 eft main coronary art ery fa 11 o~1ed a course between the aorta 
and the pulmonary artery (Figure 24). A review by Cheilin et al. (1 974) 
provides further support for the view that anomalous origin of the left coro
nary artery is an important cause of effort-related sudden death. 
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Myocardial bridging or intramural course of a major coronary artery 
(usually the ieft anterior descending) is another congenital abnormality that 
recently also has received attention (Noble et al., 1976; Faruqui et al., 
1978). It is a relatively rare abnormality with a prevalence of 0.5% according 
to angiography. Physiological studies suggest that significant effort-induced 
ischemia may be present at least in some cases (Noble et al., 1976). 

Exercise-induced m ·ocardial infa rction with normal coronar arteries has 
been documented in young subjects by Kimbiris et al. 1972 . Deta iled data on 
a fatal myocardial infarction in a 4~-year old participant in the Boston 
Marathon with essentially normal coronary arteries have also been published 
by Green et al. (1976). 

Thus, the combined data indicate that cardiac sudden death occurs i n young 
athletes in the absence of any demonstrable lesions. Subtle changes, (evident 
only after the application of demanding and time-consuming techniques) and 
congenital functional abnormalities, e.g. the long QT syndrome, may account for 
some of these deaths (James et al., 1967 }. The concentration of "physiological" 
deaths in the younger age gro ups suggest that dysfunction of the autonomic 
ner vo us system is a primary mechanism . Exercise-induced hyperkalemia and 
acidosis may be important contributing factors . 

The overwhelming majority of the deaths in athletes above age 20 can 
clearly be attributed to disease or congenital abnormalities. Primary arrhyth 
mic deaths are rare but do occur also in this age group. 

The much publicized concept that ma ratho n running guarantees absolute 
immunity against deaths due to coronary atherosclerosis (Bassler, 1977) 
deserves a footnote. The concept has now conclusively been proven false. 
No akes et al. (1979) have recently described 2 autopsy verified coronary deaths 
in established marathon runners. 

LONG-TERM PROGNOSIS 

Leon and Blackburn (1977) have recently summarized several studies on 
longevity and incidence of cardiovascular disease in former athletes (Table 9). 
The data are not relevant in terms of the general relationshio between physical 
activity and mortality and morbidity s1nce the selection processes involved in 
athletic participation makes it virtually impossible to assemble valid control 
groups. The combined data nevertheless rule out any major deleterious effect~ 
and suggest that at least ath letes who participated in endurance events have a 
significantly better long-term survival than the general populatio n (Figure 25) . 
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Table 9. 
Leon & Blackburn : Physical Activity and Heart Disease ( 1977) 

RETROSPECTIVE A:-.10 CROSS·SECTlONAL (PREV,,lENCE) STUDIES 

Primary 
Investigator 

T ype of 
Athlete 

Reduced 
Cardiovascular 

Disl!ase 
Increased 
longevi ty 

Compar;son.r of cause of dtath and differences in /if~ e.xpectancy among fo rmer 
athletes and nona thh•res usinK questionnaires, !etten 10 relatives, college records and 
drat It certificates 

Morgan'-~ College 
oar men 

Dublin u College 

Rook" College 

Montoye .. College 

Karvonen n Finnish 
skiers 

Pomeroy •~ College 
football 

Paffenbarger u College 

Polednak ::4 . .:, "~fajor" college sports 
''Minor" college sports 

Schnohr" Danish 
champio ns 

Prout ~, College 
carmen 

Bassler~-~ ~farathon 
runner 

Metropolitan Ex·Major League 
Life:.4 Baseball Players 

Negative 

Positive 

Negative 

Positive 

Positive 

Negative 

Negative 

Negative 

Positive 

Positive 

Negative 

Negative 

Negati.ve 

Posit ive 

Negative 

Positive 

Positive 

Positive 

Positivi! 

Detailed studies of former athletes (Holmgren and Strandell, 1959; Ro skamm 
et al . , 1964; Pyorala et al., 1967; Erikson et al., 1967; Grimby and Sal tin, 
1965; Saltin and Grimby, 1968) including functional evaluation, have demon 
strated that former athletes retain a higher maximal oxygen uptake than their 
age-matched controls. The heart size and QRS amplitudes also remain larger 
than in sede ntary subjects. The prevalence of clinical coronary disease and 
of ECG manifestations consistent with ischemia is not substantially different 
from the prevalence in control groups. 

Finland 
100~-=---------, 

Cambridge 

20 30 40 50 
Age, years 

Fix.S~ Graphic summary of results of 2 studies of longevity of athletes conducted by 
RooK [19541 or Cambridge University, England and by KARVONEN and BARRY [19671 or 
Helsinki. Finland. 

(From Jokl and Jokl, 1975) . 
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