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CHAPTER 1 2

DETRAINING AND
RETENTION OF
TRAINING-INDUCED
ADAPTATIONS -

EDWARD F. COYLE

REVERSIBILITY OF ADAPTATIONS
INDUCED BY TRAINING

Physical training exposes the various systems
of the body to potent physiologic stimuli. These
stimuli induce specific adaptations that en-
hance an individual's tolerance for the type of
exercise encountered in training. The level of
adaptation and the magnitude of improvement
in exercise tolerance is proportional to the po-
tency of the physical training stimuli,

Inherent to these observations is the concept
of the reversibility of the adaptations induced
by training, The “reversibility concept” holds
that when physical training is siopped (i.e., de-
training) ot reduced, the bodily systemns read-
just in accordance with the diminished physio-
logic stimuli. The focus of this chapter is on the
time course of loss of the adaptations to endur-
ance training as well as on the possibility that
certain adaptations persist, to some extent,
when fraining is stopped. Because endurance
exercise training generally improves cardiovas-
cular function and promotes metabolic adap-
tations within the exercising skeletal mus-
culature, the reversibility of these specific adap-
tations is considered. Another approach to the
study of the effects of reduced activity is to ex-
amine the exercise responses of people before

and after prolonged bedrest. The idea that pos-
raral fluid shifts rather than inactivity account
for the loss of cardiovascular function after bed-
rest'is discussed.

CARDIOVASCULAR DETRAINING

MAXIMAL OXYGEN UPTAKE

Endurance training induces increases in
maximal oxygen uptake (ie., V03 )y cArdiac
output, and stroke volume.’* When sedentary
men partidpate in a 7-week, Jow-intensity
trairﬁng program (20 min/day™; 3 days /
week™ 1), VOy .., levels increase by 6%, with a
return. Of VOum., values to pretraining levels
with 8 weeks of detraining.? Moderate endur-
ance fraining increases Vo me, by 10 t0 20%, yet
again VO g, may decline to pretraining levels
when training is stopped.*—¢ Values of VO3
decline rapidly during the first month of inac-
tivity, whereas a slower decline to untrained
levels occurs during the second and. third
months of detraining 4=® Therefore, the avaii-
able evidence supgests that the increases in
VO mes produced by endurance training Involv-
ing exercise of low to moderate intensities and
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durations are totally reversed after several
months of detraining,

Investigators have not yet examined and then
exposed untrained individuals to several vears
of intense endurance training and subsequent
inactivity to determine if extreme training re-
sults in a persistent elevation of Viou g, above
untrained levels, Qur present knowledge islim-
ited to findings of studies involving already
trained endurance athletes who agreed to ceaze
training so that reversibility of their physiclogic
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FiguRe 12-1. Effects of detraining upon percant
changes in stroke volume during exercise, maxi-
mal O, uptake (VOgma), Maximal cardiac output
{Qnaxess) dand maximal arteriovenous O, differancea
(@Y Oy n man)- * Sighificantly lower than tralned (day
0). +. significantly lower than 21 days. (Modifiad from
Coyle EF, et al.: Time course of loss of adaptations
after stopping prolonged intense endurance training.
J Appl Physiol, 571857 -1864, 1984.)

adaptations could be studied periodicaily.” Fig-
ure 12-1 is a display of the time course of the
decline int V3 o (and its components of maxi-
mal stroke volume, cardiac output, and arterio~
venous O, difference) when people become
sedentary after training intensely for approwd-
mately 10 years.

The VoOums value was relatively high in
trained subjects (Le., 62 mi/min™ at 0 days
without training) and it declined a total of 16%
after 84 days of detraining. A rapid decline of
7% occurred in the first 12 to 21 days with a
further decline of 9% during the period fromt 21
to B4 days.” The rapid, early decline in Vo,
was related to a reduction in maximal stroke
volume measured during exercise in the upright
pasition. Most of the decline in stroke volurme
occurred during the first 12 days of inactivity.
Adaptive increases in maximal heart rate com-
pensated somewhat for this loss of stroke vol-
ume. The decline in Voo, during the Z21- to
B4-day period was assoclated with a decline in
maximal arteriovenous O, difference.

The B4-day period of detraining resulted in a -

stabilization of VO, g, and maximal stroke vol-
ume. Thus, the subjects appeared to have de-
trained for a sufficient length of time to display
a complete readjustment of cardiovascuiar re-
sponse in accordance with their sedentary life-
style. Note that maximal stroke volume during
nptight exerdise in the detrained subjects was
virtually the same as that observed in people
who had never engaged in endurance training
{Table 12-1). The idea that this finding does
not necessarily imply a loss of heart function is
subsequently discussed. Although maximal
cardiac output and stroke volume declined to
untrained levels, VO, oy, levels in the detrained
subjects remained 17% above that of untrained
individuals, primarily because of an elevation
of maximal arteriovengus O, difference. The
persistent elevation of Vo, o, values in the de-
trained subjects, the result of an augmented
ability of the exercising musculature to exiract
oxygen, may be related to the observation that
these subjects displayed noloss of the increased
capillary density derived from the training and
only a partial loss of the increase in rnuscle
mitochondria (see Detraining and Muscle Metab-
olism).

STROKE VOLUME AND HEART SIZE

Prolonged and intense endurance training is
thought to promote an increase in heart mass,
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Tahle 12-1. Comparison of Unirained People and Desrained Subjects aftar 84 Days of Detralning

a-v0, Difference

vn2mlt svm HF‘M
Population {rml - kg™« i) (mi) {baats - mir™") {mi - 100 i)
Untrained people 433 128 192 126
Dotrainad subjects 50.8° - 129 187 14.1"
Pareont diffieranca from untrained +17* +1 +3 +1

* Values for detrained atibjects are significantly (s % 0.05) higher than untrained gubjacts.
of adaptations atter stopping prolonged intanse endurance training. J Appl FRysil B1857 1854, 1884,)

and researchers believe detraining results in a
decline in heart mass.1®? What is not clear,
however, is whether the training-induced in-
creases in ventricular volume and myocardial
wall thickness regress totally with inactivity.
Athletes who become sedentary have enlarged
hearts and an elevated Vo, ... level in contrast
to people who have never trained.™

One of the most striking effects of detraining
in endurance-trained individuals is the rapid
decline in stroke volume. To gain information
regarding the cause of this large and rapid de-
cline, Martin et al, measured stroke volume
during exercise in trained subjects in both the
upright and supine positions and again after 21
and 56 days of inactivity (Figure 12-2).

Simultaneous measurements of the diameter
of the left venkicle were obtained echocardio-
graphically, The large decline in siroke volume
during upright cycling was associated with par-
allel reductions in the diameter of the left ven-
tricle at end-diastole (i.e.,, LVEDD). When the
subjects were evaluated during exercise in the
supine position, a condition that usually aug-
ments ventricular filling because of the drain-
age of blood from the elevated legs, reduction in
LVEDD was minimal. As a result, stroke vol-
ume during exercise in the supine position was
maintained within a few percent of trained
levels during the 56-day detraining period.

ROLE OF BLOOD VOLUME

Along the same lines, results of recent studies
indicate that the rapid reduction with detrain-
ing of stroke volume during exercise in the
upright position is related to a decline in blood
volume (Fig, 12—3).12 Intense exercise training
usually results in an increase in blood volume
by approximately 500 ml through the expan-
sion of plasma volume.'®™ This adaptation is
gained after only a few bouts of exercise, and it
is quickly reversed when training ceases.!H
The decline in stroke volume and the increase in
heart rate during submaximal exercise, which
normatly accompanies several weeks of de-
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FIGURE 12~2. Percentage decline in exsrcise
stroka valume (A) and left ventriular end dastolic
diameter (LVEDD) (measgured using echocarthoota-
phy) (B) during exercise in upright and supine pos-
tures when trained and after 21 and 56 days of inac-
tivity. *, responses in upright position are significartly
(p < 0.05) lower than in supine position and lower
than when trained (i.e., day 0). (From Martin WH,
Coyle EF, Bloomfield SA, Ehsani AA: Effects of phys-
ical deconditioning after intense training on left ven-
tricular dimensions and stroke volume. J Am Colf
Cardiol, 7:982-989, 1986.)
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FGURE 12-3. Responses to upright exercise with
normal and expanded blood volume when tratned
and dotrained. Significantly different from trained
potmal (*, p << 0.05; §, p < 0.01). Detrained with ex-
panded blood volume significantly different from
detrainad with normal Blood velume (f, p <0 0.05;
. p < 0.01). (From Coyle EF, Hammaert MK, Coggan
AR: Efiests of datralning on cardiovascular re-
sponses to exercise: Role of blood volume. J Appi
Physiol, 60:95-89, 1986.)

training, can be essentially reversed, and values
return to near trained levels when the blood
volume of detrained men expands to a level
similar to that when the subjects were trained
(Fig. 12-3)1

The observation that stroke volume during
exercse is maintained at near trained levels
when blood volume is high suggests that the
ability of the heart to fill with blood is not signif-
icantly altered by detzaining. If ventricular mass
does indeed decline, a thinning of the ventricu-
lar walls and not a reduction in LVEDD is prob-
ably invalved.!! Thus, the reduction in intrinsic

cardiovascular function is apparently minimal
after several weeks of inactivity in men who
had been training intensely for several years,1?
The large reduction in stroke volume during
exercise in the upright position is largely a result
of reduced biood volume and not of a deteriora-
tion of heart function.'?

DETRAINING- AND MUSCLE
METABOLISM

ENZYMES OF ENERGY METABOLISM

Endurance exercise training induces enzy-
matic adaptations in the axerdsing musculature
that result in slower rates of glycogen utilization
and lactate production and improved endur-
ance dirring submaximal exercise.™ One of the
more important alterations is an increase in the

‘activity of mitochondrial enzymes, which re-

sults in an increased ability to metabolize fuels
in the presence of oxygen. Moderate endurance
training (2 to 4 months duration) increases mi-
tochondrial enzyme activity by 20 to 40% from
untrained levels.%® When moderate training
ceases, however, and the stirnuli for adaptation
are removed, the increases in mitochondrial ac-
tivity are guickly and totally reversed. Mito-
chondrial activity retumns to pretraining levels
witlf;iﬂ 28 to 56 days after the cessation of train-
ing.* :

g']f'he pattern of change in enzyme activity ob-
served when individuals who trained intensely
for 10 years stopped training for 84 days is pro-
vided in Figure 12 -4." Mitochondrial enzyme
activity in trained subjects (i.e., ditrate synthase,
succinate dehydrogenase, malate dehydrogen-
ase, and f-hydroxyacyl-CoA dehydrogenase),
which is initially twofold higher than those in
untrained persons, declines progressively dur-
ing the first 56 days of detraining and stabilizes
at levels that are 50% higher than the values
gbtained from sedentary control subjects. The
half-time of decline is approximately 12 days
(i.e.. declines one half the distance between
trained and detrained in 12 days). Therefore,
prolonged and intense training, in contrast to
training programs that last only a few months,

appears to result in only a partial loss of mito- -

chondrial enzyme activity and thus a persistent
elevation of activity above unirained levels.
This elevation occurred almost entirely because
of a persistent 80% elevation above untrained
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Fiaure 12 -4, Enzyma activity during detraining periad and comparison to sedantary control subjects, Values
expressed as percentage of trained values. Git. Syn., citrate synthase. SDH, succinate detydrogenase. MDH,
malate dehydragenase, BOAC, B-hydroxyacyl-CoA dehydrogenase. HK, hexokinase. LDH, total lactate de-
hydrogenzse. PHRL, phosphorylase, PFK, phosphofructokinase. *,  significantly different from trained
{p < 0.05); significantly different from 21 days (p < 0.09); §, control significantly different from 84 days
{p < 0.05); t, contral significantly different from &4 days (p < 0.001). (From Coyle EF, et al.: Effects of detrain-
ing on responses to submaximal exercise. J Appl Physiol, 59:853-859, 1985.)

levels in the mitochondrial enzyme activity in
fast-twiteh muscle fibers. 1

MUSCLE CAPILLARIZATION

Endurance training promotes increased eap-
illarization of the exercising musculature,
which theoretically both prolongs the transit
time of blood flow through the muscle and re-
duces diffusion distances, thus improving the
availability of oxygen and nutrients to the mus-
cle while also allowing for better removal of
metabolic waste products. Moderate endurance
training of several months’ duration increases
muscle capillarization by 20 to 30% above pre-
training levels.*" Results of preliminary studies
indicate that certain indices of muscle capillari-
zation remain somewhat higher than pretrain-
ing levels B weeks after the cessation of moder-
ate training*

More prolonged and intense training in-
creases muscle capillary density by 40 to 50%
from untrained levels.”** No indication exists

that increases in muscle capillary density in
highly trained people are reversed during 3
months of detraining.”

MUSCULAR ADAFTATIONS THAT PERSIST
WITH DETRAINING :

The detraining responses in the skeletal mus-
culature of highly trained people who regulatly
engaged in intense exercise for several years
appatently differ from those in individuals who
have trained for only a few months. No lass of
the increase in muscle capillarization occurs
with the cegsation of prolonged intense train-
ing, although such a loss does occur when mod-
erate training is stopped. The cessation of mod-
erate training results in a complete reversal of
the training-induced increases in mitochondrial
enzyme activity, whereas only a partial decline
and therefore a persistent elevation of mito-
chondrial activity above untrained levels occurs
with the cessation of exercise after prolonged
intense endurance training. 351617
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EXERCISE RESPONSES OF
DETRAINED SUBJECTS

Currently, scant evidepce is available to
imply that the cardiovascular or skeletal mus-
culature adaptations derived from mild and
moderate endurance training are maintained
above pretraining levels with cessation of train-
ing for more than approximately B weeks,
Therefore, 2 person should be stressed to the
same degree during exercise of a given intensity
whether untrained or after a prolonged de-
Taining period. This hypothesis has yet to be
fullv evaluated, however, and one factor to
cansider is the possibility that people may per-
cefve exercise to be more comfortable when
they are in the detrained state having already
experienced physical training, as compared to
the untrained condition.

In agreement with the findings that individ-
uals who exercised intensely on a regular basis
far several years remain superior in the de-
trained state with respect to their muscle metab-
olism and intrinsic heart functon (i.e,, strake
volume when ventricular filling is high) com-
pared with untrained pecple, it appears that
these detrained people can exercise more in-
tensely before becoming inordinately stressed.
One indication of this ability is the observation
that detrained persons not only possess a
Vg e level that is well above untrained values,
but also they maintain the ability to exercise ata
high percentage of Vog,,, before lactic acid
begins to accumulate in the bloed.??

BEDREST DECONDITIONING

Prolonged bedrest causes severe cardiovas-
cular deconditioning, manifested by orthostatic
intolerance and large reductions in maximal O,
uptake and stroke volume during exercise 2922
This loss of cardiovascular functon after bed-
rest results more from fluid shifts induced by a
redlining posture than from inactivity. This rea-

soning is supperted by the observation that the.

deterioration in cardiovascular function that re-
sults from 2 to 3 weeks of bedrest can be elicited
after only 20 hours of bedrest with head-down
tilt.* The primary cause of the cardiovascular
dvsfunction, especially during exerc¢ise in the
upright positon, appears to involve an altered
distribution of body fluids and changes in intra-

vascular pressures. The factors responsible for
the altered distribution of fluids may include
autonomic nervous system dysfunction, a mod-
erate reduction in blood volume (i.e., 500 mi),
and altered venous compliance ®?

Several methods can be used in an attempt to
coiinteract the deterioration of cardiovascular
function, which is most severe during exercise
in the upright position after bedrest.® Blood
volume expangion significantly improves car-
diovascular status but it does not restore nor-

~ mal fonction, Treatments designed to induce

venous pooling {i.e., lower body negative pres-
sure and reverse gradient garments) during
bedrest to stimnlate conditions experienced in
the upright position significantly reduce the de-
terioration in cardiovascular dysfunction %
Exercise in the supine position during bedrest,
involving etther dynamic or isometric contrac-
tions, tends to reduce cardiovascular deteriora-
tion; it is not c:.'ipable, however, of preventing
dysfunction.?®® Perhaps the best countermea-
sure for minimizing deconditioning of the car-
diovascular systemn with bedrest is the mere ex-
posure to the orthostatic stress encountered in
the vpright position.

SUMMARY

When physical training ceases (i.e, detrain-
ing), the bodily systems readjust in accordance
with the diminished physiologic stimuli, and
many Haining-induced adaptations are re-
versed to varying extents. The available evi-
dence to date suggests that the increases in
VO3 e produced by endurance training of low
to moderate intensities and durations are totally
reversed after several months of detraining.
When people detrain after several years of in-
tense training, they display large reductions
{i.e., 5 to 15%) in stroke volume and Vo, 4,
during the first 12 to 21 days of inactivity. These
declines do not indicate a deterioration of heart
function, but instead are largely a result of re-
duced blood volume and the ability to return
venous blood to the heart, The Vo, of endur-
ance athletes continues to decline during the 21
to 56 days of detraining because of reductions
in maximal arteriovenous O, difference. These
reductions are associated with a loss of mito-
chondrial enzyme activity within the trained
musculature, which declines with a half-time of
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approximately 12 days. Endurance athletes,

however, do not regress to levels displayed by
individuals who never participated in exercise

training, Levels of mitochondrial enzyme activ-

jty remain 50% higher than those of sedentary
subjects, skeletal muascle capillarization is
maintained at high levels, and Voz o and the
maximal arteriovenous O, difference stabilize
at a point that is 12 to 17% higher than un-
trained levels after 84 days of detraining. The
aims of future studies should be to determine if
these superior physiologic abilities of people
who cease prolonged and intense training are
maintained for longer than 84 days and if these
abilities relate to persistent affects of physical
training or to inherent genetic predispositions.
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