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Measurement8 were made of the physiological responses to exercise

in patientc who had had one leg immobilised following bone fracture.

As a oonsequence of immobilisation they had muscular weakness and

atrophy of the affected limb. Data werealso collected for compara-

tive purposes on normal healthy male subjects. Exercise was performed

pedalling a stationary bicycle ergometer with each
both

leg separately and
legs together and a system was developed to enable the pattern

or force exerted on the crank by each leg to be measured. Anthropo-

metric data including estimates of total leg and component tissue

volumes were also obtained.

Analysis of the pattern of force exerted in oyoling established

the comparability of l-leg exercise involving patients’ injured or

uninjured legs. In 2-leg cycling the patients showed a disproportionate

sharing of work between the legs, although the actual ‘pattern* of

force remained the same in both legs and the same as in l-leg cycling.
In submaximal exercise with the patients’ injured leg the oxygen
uptake (~02) Tor a given work load and cardiac frequency fer a given

$02 were higher than with the uninjured leg. Rated perceived exertion

was also higher for a given $02 during exerciee with the patients’
Injured leg, but this difference was removed when $02 was expressed in

relative terms (£ tc>2 eiax).

Maximum oxygen uptake ($02 mmx) was reduced by — 11C in the

injured (cf. uninjured) leg, and was associated with the degree of

muscle atrophy estimated anthropometrically. In 2-leg exercise there

was a greater reduction of $02 wax for a given leg muscle (plus bone)



volume when comparison was made with normal uubjects.

The effect of rehabilitation therapy undertaken by the patients

was to restore 1—and 2-leg ex. r FMIMMI >M Ml M IW lc  Tht

patient data were interpreted in relation to normal data including

consideration of the effeot of habitual limb preference.
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10TBONUCTION

= lvie o  ertr. e
for exercise has been oboerved and exploited since the earliest
civilizations. Primarily this exploitation has been aimed at en-
suring the survival of society in times of conflict, but at other
times it has been channelled into the search for victory in that

other war without weapons, Sport
It is, however, only in the last century that scientist have
begun to systematically investigate the physiological effects of

physical t.-aining. The interest of soldiers, poli

ns and sports,
men as well as the scientific community has prompted studies leading

to the creation of an extensive literature on the effects of physical

training in man, and to a lesser extent, woman. However, the highly

trained individual is only one end of a continuum whioh ranges down

through the "active but untrained” to the sedentary and beyond.
Whilst there have been many studies on the physiological effeots

of training, the converse, that is the effect of detraining, or immobil

zation hne received relatively little attention and it is the latter

aspect which is the subject of this thesis. Specifically, the thesis
sets out to examine the effects of disuse muscular atrophy resulting

frosi prolonged immobilisation on the physiological responses to exercise.

Early investigations into the physiological effects of inactivity
in man were primarily concerned with metabolic and regulatory changes
oecurring at rest (e.g. Cuthbertson 19?9, Taylor ot al 1945% B*iil

et al 1948). It was not until the arrival of manned space flight in
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leg fracture had had one leg immobilized in a plaster cast for a pro-
longed period but who were otherwise healthy and ambulatory. After
removal of the cast when the fracture had healed the injured leg of
these patients showed the typical wasting and muscular weakness asso-
ciated with prolonged immobilization whilst the uninjured leg appeared
normal in function and size. |If satisfactory measurements could be
made at this time of the response to exercise using each leg separately,
it was clear that these patients would provide a useful experimental
model for studying the effects of disuse muscular atrophy on the physio-
logical response to exercise.

Therefore fundamental to the use of this experimental model was
the development of techniques for studying the responses to submaximal

- leg.

One limb exercise

Whilst exercise performance using both legs or both arms had been
studied many tines (see Bevegdrd and Shepherd 1967 for a general review)
work with a single limb had been largely neglected. Dunor (1959) "»do
the first comparative study of one and two leg cyoling in normal sub-

jects. In submaxim< MS leg he found th

oxygen
and blood lactic acid level at a given work load, and cardiac frequency

at a given oxygen uptake were increased as compared with the responses

elicited in two log cycling. No direct maximal measurements wore made

in tho study« IS taken as the work |

occurring at a cardiac frequency of 170 beats/minutet In one leg cycling

this was 7>£of of the level achieved in two leg cycling.
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found for PWCAq by IKincr (1959) although this nay be somewhat for-
tuitous d m Bwar’l observations we«r t take no account
of differences in mechanical efficiency or of the differences noted
by Pernow and Saltin in maximal heart rate in the two types of exer-
cise (193 and Ifli beats/ain respectively in two and one leg

It was against this somewhat limited background that | started
to investigate the physiological responses to one leg exercise, in
particular it should be noted that none of the studies of one leg
cycling reviewed attempted to relate the responses to the sise of the
muscle mass involved although the tacit assumptions have been made
since lkmer (1959) that the contralateral legs in normal subjects
were identical in sise and function and that the performance of one-
leg cycling employed half the mass of muscle compared with two-leg
cycling. The validity of the latter assumption depended upon the
pattern of cycling and hence the muscle mass involved being the same,
although this had not however been supported by objective measure-

ments.

I1ff.ct. of M.osc on .unci, structur. m| function

There were no studies of one leg cycling in subjects following
periods of muscle disuse. Indeed there was a lack of data generally
on the functional and structural effeots of disuse of skeletal muscle
in man. This was surprising considering that the effect of different
activity patterns first found scientific generalisation in the
“aktivitatehypertrophle” and "inaktivitatrophie” concepts proposed

by Roux (1905) *1 tie turn of the century



>

There wore Tor example no Miating d&tt (with the vole cxcejv-

tion of a single case study. Hills and Byrd 1973) on the changes in

*lom Ao, -l ... o=

The only previous data on the effects of immobilisation on limb sise

wore usually based on single circumference measurements of the limb

Friedebold and Strand 1968j Patel, Rassak and Dastur 1969)« IVied

and She  * (1970) did attempt to improve on this approach by measur-

ing muscle width rom X—rays, hence removing the oonfounding influence

of subcutaneou3 fat, although again only at one point. All of these

measurements fail to take into account any geometric or regional

differences in the limb.

Data regarding the effects in man of muscle atrophy on the physio*

logical response*s to dynamic exercise and the aerobic function of

muscle were lacking. There was only one study (Fried and Shephard

1970) of the response to exercise in patients who were recovering

following prolonged immobilisation of one limb in a plaster cast}
but unfortunately these authors only measured the responses elicited

in two leg cycling. The only other data available was on the effects

of whole body immobilisation (see Baltin et al 1968 for general review)
but this is difficult to interpret for the reasons indicated at the

beginning of this chapter.

Thus the proposed experimental model based on patients recover-
ing from fracture of one leg (illustrated in plate 1) required the
development of techniques for assessing the degree of muscle atrophy

as well as for - r—sponse to one leg exercise.






CHAPTIR 2

Leg volume and composition

following immobilisation.
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Introduct ion

In order to assess the decree of disuse muscular atrophy In

a patient’; plat would

enable an accurate assessment to be made not only of the volume of the
whole lee but also of the major component partst muscle, bone and
subcutaneous fat.

Zook (1932) proposed a segmented model for measuring the

relative sise of various parts of the human body and a number of
subsequent investigators have adopted this approach to measure limb
volumes using water displacement methods (e.g. Dempster 1955, Cams

and Olasaow 19V, Drillin and Contini t'X' )= More recently Jones and

In this the leg is considered as a series of segments each of which
approximate to the form of a truncated cone, the volume of which can
be calculated knowing the circumference of the two parallel surfaces
and the height (Figure 1). When used in combination with an estimate
of subcutaneous fat thickness derived from oalliper measurements this
technique has the added advantage that it enables the volume of the

muscle plus bone tissue to be calculated

Hethodolo.;j

I therefore sought to apply and extend this anthropometric
technique to the study of the present patient group.

who had suffered

20 patients
leg fracture were studied initially at the start

of exercise therapy following prolonged inmobilisation of the

injured leg (mean period 11" days). In addition a group or normal

healthy males were also studied. Full details or both groups are

given in Appendix 1. Leg volusm was estimated both anthropometrleall.y






(Jones and Pearson 1969) and independently from leg X-rays (Jonos
1970 a).
Estimates of total leg volume based on both anthropometric

and X—ray measurements as were calculated in this investigation

have previously been shown to be highly correlated with volumes
determined by water displacement (Jones and Pearson 1979, Davies,
Bam-a and -ofrey Katch et al IfTJ, Paw.-i 19'4). It was not

surprising therefore that in this study independent assessment of

leg volumes in patients and normals by X—ay techniques were highly
correlated (P <0.0011 cv. 4 - 6/0 with only a slight and non-
significant bias towards underestimation (» l.yjt) by anthropometry

in the patients (Table 1 of Appendix I).

In order to asses: component tissue changes anthropometrically
I examined the relationship of skinfold calliper with direct X-ray
measurements of subcutaneous fat thickness. Hiis relationship was
linear and highly significant (usually at the level of P <0.001)
for all four sites measured on the patients' injured and uninjured legs

and on the normal subjects' rightand left legs (Table 2 of Appendix I).

Thus the appropriate regression equation can be used to correct
calliper measurements to true thickness. The latter values may then

be deducted from the total diameters derived from circumference measure-

ments of the respective limb aegnents to give a diameter for the

calculation of muscle plus bone volume.
In previous studies in normal subjects (see Davies 1974 for

general review) 2-eg exercise performance, assessed in terms of

maximum oxygen uptake, has usually been related to leg volume cor-

rected for subcutaneous fat, that is, muscle plus bone volume
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a relatively email proportion of the leg volume it seems reasonable

to argue that ita inclusion is likely to make only a small systematic

difference when estimating the oizo of the effective muscle mass
used in exeroiso; and that this small systematic error may be

preferable to the widespread use of X—ray techniques for non-

therapeutic purposes.
The present data confirmed that bone volume as calculated from
X-ray measurements by the method suggested by Jones (I970a)was indeed

a rather small and remarkably constant proportion (11 ¢ 1 of the

muscle plus bone volumes of the uninjured legs of patients and normal
subjects, fbta proportion was larger and W variable in the patients
injured leg being dependent upon the degree of muscular atrophy.

However, the actual volume of bone was the same in the patients injured

and uninjured legs. Thus if the bone volume was assumed to be 116 of

the uninjured leg muscle plus bone volume, the error Involved in

using this to derive muscle volume alone of the injured leg, as

compared with using an estimate based on direct X-ray measurements

was very small Indeed (ov. 1%, equivalent to + 60 »1 of muscle volume

— Figure 2).

Anthropometric Survey of Patients.

Using the anthropometric techniques described, estimates were made

of the total leg and component tissue volumes in 16 young male patients

at the beginning and end of a residential course of exercise therapy.

This data is gftvaa in detail by Table 3 of Appendix 1. At the commence-

ment of therapy the total leg volume of the patients injured leg was

1 No attempt was made to calrulale the volume of callus formed

around the fracture site and personal observation

indicates
that this is in any oase very small

in the majority of fractures.



(predicted bone volume |

Figure 2. Leg muscle volume derived from anthropometric
measurement of muscle plus bone volumes usingi
(A) the bone volume calculated from X-ray
measurements (Jones 1970a).
(B) the predicted bone volume (i.e. 1IE of tlLe
muscle plus bone volume). In the case of the
patient's injured leg the bone volume was cal-
culated as 117 of the uninjured leg muscle plus
bone volume.

The line of identity is shown. Data points are
for patients injured (o) and uninjured (=) legs,
and the right and left legs of normal subjects (A)



Considered in temc or the major component tissues it will be seen
from Figure 3 that this difference was attributable to a reduction

in the Muscle volume in the injured leg. In fact the difference

n
Musole volume was SCOm) (I' < U 1) M par of this reduction was
obscured by a slightly (170 MI) but ligdfIM etl] (f < *.Of) greater
volume of subcutaneous fat in the injured as compared with the uninjured
leg. Following exercise therapy there was a reduction in the fat
volume of the injured leg by 80 ml and in the uninjured leg by 10 ml
and as a consequence this signi: . <« was removed. These
observed differences and changes in fat volume are most interesting
since they seem to be in opposition to the widely held view (see e.g.
Dempsey 1974) that body fat cannot be accumulated or be removed on a
local basis as a result of the activity level of underlying muscle.
The changes are however admittedly omall and until further confirmation
is produced the possibility that they are artifacts of the measurement
techniques cannot be entirely discounted.

Following exercise therapy (mean length 50 days) the muscle
volume of the injured leg had inereaeed by 3*0 ml (8jt - Figure 4)
In contrast 7 normal healthy male subjects who took part in an inten-
sive training programme (see Chapter 5) of similar duration showed
no significant change in muscle volume. The mean rate of increase
in the muscle volume or the injured leg was |.356 per 10 days and
this rate seemed relatively constant in a given individual over the
period studied (M U ) and iigur 1 me€ Appendix I). It should be

borne in mind however that the data preeented is based on patients



Figure J.

The volume of bone, oubcutaneous fat, and muscle,

and uninjured (ui) legs of the
patients at the start of rehabilitation therapy.
The statistical

in the injured (i)

significance (paired »t») between

the legs is given below each column (ns - not

significant).









underpin?: "active" rehabilitation therapy» clearly this constancy

of rate will

not be seen if following removal of the immobili

cast patients are unable to effectively exercise the injured leg

due for example to reduced joint movement or unsatisfactory union

of the fracture. An example is shov.n in figure 5 of data collected

on such a patient who following removal of the plaster cast had
<45° degrees of movement at the knee joint until manipulation under
anaesthetic was performed.

Some of the

increase during rehabilitation in the muscle volume

of the injured leg was offset by a simultaneous, though non-

significant, increase (27) in the uninjured leg, (r.
finding would seem to indicate that as a result of the consequent

restriction of activity imposed by having one leg immobilised in a

plaster cast there is some slight muscular atrophy, even in the

uninjured and otherwise enormal* leg.

The exact nature of the loss occurring from the muscle mass is

not yet clear, although it is interesting to note that Helander

(195#) studying the effects of ismobilisation in rabbits observed

in the muscle of the immobilised limb a 2Y% loss or weight which
was almost entirely due to a decrease of mofibrillar protein. In
an attempt to provide more conclusive evidence in man | have

recently embarked on a collaborative study with Drs. R.H.T. Edwards

and A. Young of the Royal Postgraduate Medical School, Hammersmith

Hospital. In this study muscle specimens are being obtained by
percutaneous needle biopsy (Edwards 1971) of the quadriceps of both

the injured and uninjured legs. Preliminary findings Indicate that
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Figure *), The time course in one subject (AS) of the percentage
difference between the nuecle volume of the injured (i)

and uninjured (ui) lege] i.e. (ui- i / ui x 100)

A - Date of admission to Rehabilitation Centre (plaster
removed four days previously).

+ « Manipulation under anaesthetic to increase knee Joint
mobility (prior to manipulation < 45°).

C - Final measurement at discharge.



in the injured log there is
sectional area of both type
twitch) auocle fibres, with

greater atrophy of the type

a narked reduction

(alow twitch) and type

in the crosa

(fast

soae indication of a relatively

fibres (Figure 6),



Figure 6.

Fxample of biopay specimens obtained from the lateral
part of the quadriceps muscls of the (a) injured and
(b) uninjured legs. Biopsy was perforated in both legs
immediately following 12 weeks immobilization of the
Injured leg in a plaster cast.

Transverse 10°>" sections are shown stained for myosin
ATPase activity to identify type | (light staining) and
type 11 (dark staining) fibres.

29






ITITROTXICTICT?

r1 < 1 = amt 5%ran.!- 11 1978,
Pernow and Saltin 1971) it has been tacitly assumed that one-leg
cycling was comparable to 3-leg cycling in so far as it involved the
i tel 6 - - lm'momtore
There was however no objective data to support this assumption. Further-
more it has been known since the work of Duner (1959) that there is
a significant difference between the mechanical efficiency of one and
two-leg cycling! on the basis of this evidence it could be suggested
that there

is a prima facie case for the existence of real

differences
in the pattern of one and two-leg qaliaf.

Clearly such differences
could invalidate direct comparison of the two types of exercise.
similarly it was not known whether one-leg cycling performed by

the patients with their injured and uninjured legs would be comparable.

Neither was it clear what the implications of a functional and struc-
tural asymmetry as seen in the patients would be for the performance

of cycling exercise involving both legs.
Therefore the aim of the investigation reported in this chapter
was to examine both in normal subjects and patients the pattern of

force applied to the cranks of a bicycle ergometer during one and two
leg cycling.



Dutu was collected on few normal and oix pain nU.

Although they could all cycle none of then had taken part in com-
petitive cycling and none had cycled on a regular basis for a
number of years. However in order to overcome any initial habitua-
tion effect (Davies, Tuxworth and Young 1970) all of the subjects were
allowed uninstructed practice of one and two leg cycling on the
ergometer before the collection of definitive data.

The patients were si* young servicemen who had suffered tibia
and fibula fracture of one leg which had consequently been immobilized
in a plaster cast for an average of 14b days (range b -1'M ). They
were seen 62 days (range 4/-110) post-mobilization at which time they
were fully weight bearing on the injured leg and had good union at
the fracture site, although they were still suffering from muscle
weakness due to atrophy

The normal subjects were four healthy young males who were
employed at the rehabilitation unit attended by the patients.

The physical characteristics and maximal oxygen uptakes of the

normal subjects and patients are given in tables la and lb respectively.



Table la

8UBJBCT

Age, weight, height, leg (auaclt plue bone) volume (LV), and the aaxiaua oxygen
achieved in ezerciae with the right (r) and left (1) and both

uptake (202

lego together bp the four noraal eubjecte atudied

Age
Tr

26

Weight
kg

60.0
90.7
73.3
69.0

Height
e:]

167.8
18m

179.3
177.0

176.4

LT (. eb)
l

r 1
6.15 6.25
7.75 7.42
7.22 741
7.01 6.96
7.03 7.01

1.94
259
2.05
3.34

*2mi

(AK**I"te)

1.94
2.44
2.27
3.30

2>legs

2.54
333
3.20
4.47



1b Age, weight, height, leg (*iecle plua bone) vcluae (IV), and the mazinia oxygen

PATIECT

w ko 4 0

¢ 3D

uptake (fo,, _mr) achieved in exercise with the injured (i), uninjured (ui) and both

lege together (&>legs), of the air patients studied.

Age
aT

21
20

25
29

+4.4

Height
kg

84.7
63.4
5%2
62.6
69.7
8.0

+13.6

Height

m

170.9
176.8
1*2.8
166.3
178.0
181.6

174.4

45.5

L¥ (= ¢ b)

i ui
6.74 6.92
5.12 6.27
4.87 5.92
5.58 5.91
5.19 6.20
6.88 7.31
5.73 6.42
+0.87 +0.57

2.19
222
1.96
1.99
1.97
2.44

+0.19

A (Abclute)
17eln

ui 2-legs
2.35 2.89
2.68 2.93
2.33 2.63
2.09 2.43
2.20 2.70
2.87 3.04
2.77
+0.30 +0.22



The subjects were required to pedal at fifty revolutions
per minute a van Dobeln type friction braked bicycle ergometer

(Signwall Limited). Starting at sero load each subject performed

a continuous progressive exercise test with each leg separately and

both legs together. The test was aimed to span the range of the sub-

jects work capacity in 4 or 5 work loads lasting five minutes each.
The subjects were fitted with specially adapted plimsolls which

were attached to the pedals by means of two metal plates and bolts
situated under the ball of the foot. Since the bicycle had a fixed

wheel this arrangement enabled a smooth natural action in one leg

cycling when the momentum of the heavy flywheel carried the exercising

leg through the inactive phase of the cycle. Care was taken

that the saddle height was correctly adjusted for each subject
ensuring that the leg was properly extended during the cycling
movements. Once selected the saddle height was recorded and used

for all subsequent tests. In one-leg exercise the inactive leg was

rested on a low stool by the side of the ergometer
Cardiorespiratory and force measurements were made over the

final two minutes of each work load. Where appropriate net values

of oxygen uptake and work were calculated by subtracting the value
obtained when the subject was pedalling against sero load (Hill
1965, Whipp and Wassennan 1968).
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FOro« Hr.lnirow

The force exerted on the right and left cranks of the
bicycle were measured simultaneously and separately by a system
).
The basis of the system (illustrated in Figure 7) is a
staridnrd friction braked ergometer. Silicone strain gauges (Pye
Dynamics Ltd.) were bonded tu riat ground surfaces appr.xximately

halfway along the trailing and leading <Jgt of both cranks. Yhe

input and output to these was effects i by -hunting discs containing
three concentric brass slip rings on the inside and fixed to each

crank so that the disc and crank rotated together. Connection was

aade with the strain gauge by tapping intc the brttSB rings from

the outer face of the diso. The pick-ups from the brass slip rings

were mounted on either side of the bicycle frane just behind the

bottom bracket. These pick-ups consisted of sets of four phosphor-

bronte metal stripe 5 x 50 * 0.3 mm sandwiched together and clamped

at one end to an insulated base plate. The strips were bent to an

angle and the unit mounted on the bicycle frame so that each set of
strips was in contact with one of the brass slip rings under a slight
spring pressure. The output from each crank was fed to separate

Wheatstone bridge circuits and balanced at sero load before record-
ing began. The output was dleplayed on an ultra violet oscillograph

(S.E. Laboratories Ltd. - Type 3006) on which records were aade at

of the relative position of the cranks was obtained on the same
recording by mounting a small photoelectrlo transistor on the outside

of the rim of the left slip ring disc in which a series of holes had






Figure 8.

Force recording at faat paper speed to permit
calculation of work performed. Timer marks have
been omitted and the areas measured to give the
work performed (positive and negative) have been
shaded. The 15° interval markers appear along
the top of the record. Left hand crank top dead
centre (TDC) is given by a triple marker.

Subje - -it )00 kpm/min.



km drilled at 15 intervals to coincide with the position of a

small light source mounted
The

inside the disc on the bicycle frame.
impulses generated by the cell appear along the top edge of
the force record. As a reference point top dead centre (TDC) of
the left hand crank was indicated by a triple marker (Figure 8).

The system was calibrated statically by hanging weights
from the pedals with the cranks fixed in the horizontal position.

Over a period of six weeks' use there was no significant or
systematic change in the response characteristics of the system
and the co-efficient of variation of 20 calibrations made during

that period was < 27£.

The force measurements were analysed in two wayst In the

first (based on the slow paper speed recording) the peak force
generated on a crank during each cycle was measured over the last
two minutes of each work load and a mean value taken, this is
referred to as the mean peak force (MPF)j in the second analysis,
the work performed on the crank (WCR) was calculated in a typical
cycle by integration of the area between the force record and the
sero baseline (Figure 8). The force was measured at each 15°
marker position (which are not equidistant due to changes in speed
through the normal cycle) and the area between them calculated
assuming a mean force and a constant speed. The work performed in
each 15° segment (positive or negative) was added together to give

the total work performed on the crank (W~) over 360°. In addition,

separately for the first 180° of each cycle

(starting at top dead centre) and the second 180°,

Wpjj was calculated

these sections

1 N.B. Throughout the text 'work* is standardised per unit time
(i.e. expressed as a rate, kpm/min)
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BESUT.T3 - FORMAT. STTBIKCTS

The principal indices of the response to progressive one
and two leg exercise tests are summarised in Tables 2 and 3.
Cardiac frequency was consistently higher for a given $02
in one compared with two leg exercise, as was $02 for a given W
the latter phenomenon indicating a reduction in apparent mechanical
efficiency in MM cospar, d with two leg exercice (Fig>ire 9).
Peak Force
The peak force of each cycle was measured over the last two
minutes of each work load: The coefficient of variation (cv) of
these measurements for a given subject, leg and work load was —T%,
The coefficient of variation of the mean peak force (MPF) for the
firs, minute of measurement compared with the second for all subjects

at 8ubmaximal work loads was < 4~

There was no significant difference between the right and
left legs in the mean peak force applied for given Win oneeg
exercise for a given subject (PigurelO). In two-leg exercise, how-
ever, there was a consistent and significant (p < 0.01: paired »t»)
tendency for the right leg to exert a slightly (= 3j6) greater
peak foroe than the left.

The relationship of mean peak foroe (MPF) and work load W
were linear (Figure 10) in both one and two leg exercise and are
given by the following equations:

(a) 1-leg : KPF - 11.23 + 0.065 (W), r - 0.96, ov - 12%

(b) 2-legs: RPF - 10.74 # 0.03? (5), r - 0.98, cv - 10E



I'f account ia taken of the doubled work output in ?-leg cycling,
there io no significant difference between the MPF/ft relationships
in one and two leg work, although in both cases there are inter-
subject differences reflecting alight variations in the pattern of
force exerted in cycling.

Work performed on the cranks (ft )

Preliminary analysis of both one and two leg pedalling
showed that during the first 180° of the cycle (from top dead
centre) positive force was applied to the crank and that during
the second 180° a negative force was applied in all but the highest
work loads (Tables 2 and 3, Figure 8)

WCR (positive or negative) from these two phases which
coincide approximately with leg extension and flexion were there-
fore measured separately and then added to give a total value.

The net total work (Signet) was obtained by subtracting the work
performed pedalling at zero load (see methods). Met total work was
highly correlated (r - 0.98, P < 0.001, n - 48) in both one and two
leg cycling with the work load (ft) set on the bicycle ergometer
(Figure 11). Total ftAnet is on average ¢  higher than ft and
the regression relationship for the combined data is given by the
equations

Total ftAnet - 1.127 ft - 51.43 cv - 9iC.

The relative contribution of the extension and flexion

phases of cycling to thetotal ftAnet is shown in Figure 12. There

are no significant differences in this relationship either between

legs or between 1- and IWleg exercise. Under all conditions and
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work loads otudicd ~ Anf. of linnet was porforsod in the leg

extension and « 20~ in IcA flexion phases of oyoling. The

relationships are given by the equations:
(b) {BCR. t (flexiss) - 10.5 ¢ 0.2 (Total
Crank Rotation Sp-d

In one leg work deceleration occurs over at least half

the cycle whilst in two leg work this effect is aitigated by the

alternating leg action.

Figure 13 illustrates the variation in speed in one cospared

with two leg exercise over a range of work loads for subject D.

At 900 kps/sin the effect is such that whilst the variation in

two leg exercise is approximately ¢« 10X of the sean speed (50 rpm)
in one leg exercise this increases to #20{t and -30” of the mean
speed.
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Figure 10.

Mean peak force (MPF) exerted at varying work loads (W)
in (a) 1-leg and (b) 2-lcg cycling.

1-leg cycling! Right A Left A

2—leg cycling! Right C Left 0

49



Figure 11. The relationchip of the total net work performed on
the cranks (total flAnet) compared with the work load
aet on the ergometer wheel (ft).
ideg cycling O 2-leg cycling -.



Flfur* 12.

Relative contribution to the total not work perforated

on each crank (Total fi“net) of the extension (top dead
centre to 180°) and flaxion (180° to top dead centre),

phaaea of cycling.

One le| exercises right A | left A

Two leg exerciset  right = , left 0

Regression lines are given (see text) against a back-

grwmd indicating the proportional contribution.

Sl
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RKSIM.TS - PATHUTS

Table 1b gives the physical characteristics and maximal exercise

responses for the six patients. The leg (muscle plus hone) volume

of the injured leg is 1 1 sisaller titan the uninjured and this is
associated with a reduction in the maximum oxygen uptake achieved
in 1-lcft cycling Kith the injured (-.13 ¢ 0.19 1/ain) compared with
the uninjured leg (?.42 + 0.30 1/ain)

The principal indices of the progressive 1—and 2-leg
exercise tests are given in Tables 4 and 5.

Cardiac frequency for a given oxygen uptake was higher in one-
leg exercise with the injured compared with the uninjured leg and
higher in both of these compared with two-leg exercise.

Workload (ft) for a given net oxygen uptake is consistently
higher in two-compared with one-leg exercise and higher in one-leg
exercise with the uninjured compared with the injured leg (Figure 9).
Peak Force

The coefficient of variation of the moan peak force (RPF)
for the first compared with the second minute of recording for all
patients, legs and workloads in 1- and ~leg exercise was<4f,
although the cycle by cycle variation during the recording results in
a coefficient of variation (cv) of from 5- 10X in a given subject and
leg at a given fi. These values are similar to those found for normal
subjects.

Reproducibility of the level of KPF exerted with the injured
and uninjured legs in 2-leg cycling was examined in two subjects over

a range of work loads (n - 20). There was no systematic difference



betw. cn th. first (x) and second m ssursnsnts (y)> The relationship

is given byj
y- 1,73 ¢ 093X, r =0.99, CV - L (Figure 14)

The relationship of MPF to U is not significantly different
between one-leg exercise performed with either the injured or the
uninjured leg (Figure 15a). The combined data can therefore be
described by the regression equation

MPF - 11.29 # 0.056ft; r - 0.97; cv - U%.

When the patients performed two leg cycling the MPF generated
at a given work load was consistently higher in the uninjured compared
with the injured leg (Figure 15b). The relationship in the two cases
is linear and given byj
(a) Injured leg  : MPF - 10.98 ¢ 0.0215#; r-0.92; cv - 173t
(b) Uninjured leg : MPF « 11.73 - 0,0]J]it] r» 0.955 cv - 14*%

Work performed on the crank (#CR)

The total net work performed on the crank(s) (Total flrnet)

was highly correlated (r - 0.97, P < 0.001 n- 59) inbothone and

two-leg cycling with the work load (ft) set onthe bicycle(Figure 16).

However, in two-leg exercise there was a large and significant

difference (P < 0.001) between ftAnot performed with the injured

compar. leg (Figure 17). The injured leg contribut-

ing on average only $% of the total firnet of two-leg cycling over

the range of work loads studied; the disproportionately larger share

(62%) being contributed by the uninjured leg.
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0 of extension and flexion

The relative contribution of the extension and flexion
phases of cycling to the -total* 8—set performed by a given leg
is nhown in Figure 18. There is no sipdfiM It differ—pS I

the injured and uninjured lege in the proportional contribution of
the two phases in either one-leg or two-leg cycling and the combined
data can be described by the following equations!

Extension W~net = 0.76 (Total flrnet) -16.2

Flexion ftAnet - 0.24 (Total W”net) +15*8

Analysed in this way the greater proportion of the total

io perform'd U - only —

is performed in leg flexion.






Principal indice« of response« to t-le* exercise for (a) the injured and (b) the uninjured legs.

Table 5.
Pare* rs a- :or Table 4.
2 kpa/am 0 217 390 569
27 42 +102
io. I/min 0.55 1.06 1.32 .
+0.02 +0.12 +0.13 40.25
() f beats/ain 103 128 149 168
Injured 17 - +10 18 «@
v «FF - k* 105 24.9 35.4 42.9
‘ 23 +2.9 +2.8 +4.2
Work performed kpn/mn
P irr 369 459 590
Bitension 5 +50 *64 +130
Flexion -«15 31 32 x5
sié 53 436 51
Total 62 338 «90 624
*>} ‘T 93 +155
fi kpa/ain 0 305 454 573 733
+14 +3° 923 07°
402 1/ain 0.54 1.06 . 1.64 .
40.03 +0.09 40.11 40.21 .
(») fij beata/aia 100 122 143 158 176
Uninjured 13 +13 +13 112 +13
U« PF - kg 22w 265 36.5 4538 54.6
+2.0 +2.6 +3.8 5.2 +4.9
» r< b ::oraed kpa/xir. 200 406 527 616 247
Bitension 29 +46 047 459 121
Flexion .10 -15 (B a1 %
<48 037 437 438 +19
686 841

Total 92 392 538
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Figure 14. The relationship between measurements made on successive
days of the mean peak fores (KPF) exerted in 2-leg cycling
by patients (P * Q) with their injured (Ol and uninjured
legs ().
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Plgurc 16. The relationship in patienta of the total not work
performed on tha crank*, (total W/net) to the« work
load «et on the« crgoaiatar (vJ).

1- leg cycling =
2- leg cycling O



Figure 17. The contribution (firnct) of the injured (0—o)
and uninjured (+ ———-e) legs to the total net work
(Total ifnet) during ?-leg cycling.
The regression lines are given (see text) against

a background indicating the proportional contribution.






DI3CUS3ION

In considering the data presented in thin chapter a number

of important qualifications should be borne in minds

Although the subjects had all cycled as children and still

did so occasionally, they had never received any specific training

in cycling technique or taken part in competitive sport. Thus

although they may be typical of the "normal” population, their

pattern of cycling may differ significantly from that shown by
competitive cyclists (see e.g. Hoes et al 1968).
One-leg cycling was measured using a friction braked bicycle

of the van Dobeln type with a fixed wheel. With the active foot

attached to the pedal (sec methods) this allowed the subject to

rely on the momentum of the heavy flywheel to carry the leg through

the inactive phase of the cycle. Other investigators, however, have

adopted different strategies! Closer (1973) for example, had two

subjects standing one either side of a bicycle sharing the work between

them; Freyochuss and Strandell (1968) used an ergometcr which free

wheeled and found it necessary to use a spring mechanism to return

the pedal te the top of the cycle in order to ensure a umooth cycling

movement. Obviously, there may be important differences between

these approaches.

All of the experiments reported here were carried out at a
nominal pedal speed of ~0 pm in both one and two leg exercise.

Large variations in this speed will certainly modify the efficiency

of cycling (Dickinson 1929) and w ill probably influence the pattern

of force application.



Moauuromont of the peak force of each cycle over a full

two mit.

at each work load. Thia in contraot to the relatively brief

Measurement periods, often immediately at the commencement of

exercise used in studies of £-leg cycling by other investigators

(Cavanagh at al 1JT4] Hois ct al 1X>R. Ao a consequence the

present subjects had ample opportunity to accustom themselves to the

work load and this is reflected in a coefficient of variation for

both patiente and normal subjects of < for a given subject, leg and
work load. This was attributable to cycle by cycle variation rather

than periodic changes over the measurement period in (a) the pattern

of cycling or (b) in the case of 2-leg pedalling, work sharing between

the two legs. Consequently the coefficient of variation of the

mean peak force for the first minute of measurement compared with

the second was <

The change, in leg volume (muscle plus bone) and $02 of
the patients injured compared with their uninjured leg are similar

to those reported in Chapter 4 for a larger group and it is not

proposed to discuss them in detail here, beyond establishing the

magnitude of the functional and structural asymmetry of the patients

legs. Neither is it proposed to discuss variations in the cardio-

respiratory responses to submaximal one and two-leg exercise in either

patients or normal subjects for the same reason. Readers should

refer to Chapter 4«
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The normal aubjocte showed no significant difference between
the right and left leg8 in the MPF/fi relationship of 1-leg exercise

(Figure 10). in two leg exercise, however, a slightly though

this context it is interesting to note that all subjects idontified

jumping or hopping, although the effect of this preference was not
reflected by any significant differences in the leg volume or $0? Kax

measurements (Table 1a).

The range over which force can be effectively applied to the
cranks in leg extension and flexion will obviously depend upon the

saddle position relative to the crank (Carlsoo and Molbech 1966,

Hoes et al 1968) as well as the length of leg segments of individual

subjects. However, visual inspection of the force records (Figure 6)

reveals that very little force is being effectively applied to the

crank for a few degrees, either at the top or the bottom of the cycle.
Therefore, the analysis has been standardised by calculating ficR
separately for the first and second 180° of each cycle as measured
from top dead centre in order to Indicate the work done in leg
extension and flexion rcspuulLively

Analysed in this way it becomes clear that over almost the
whole range of submaximal work loads positive work performed on the

crank in leg extension is used both to carry out work on the bioycle

and also to lift the leg during the flexion phase when a negative

force is applied to tike crank (M IN t and ?). Total work (17)



which is the Bum of the cxtenaion (-*ve) and flexion (-ve at all

At zero load total io - 70 kpm/min | work MMM Wy
to overcome the frictional resistance in the bicycle transnicaion as
well as in the slip ring assemblies. In order to compare the work
load (13) aa set with the calculated values of work performed on the

cranks (fig,) i* is necessary to subtract from the latter value the

WoH ¢ pedalling at zero load to give Vianet. When comparison is

mide in this way W and fig, are highly correlated (r = 0.9R) although

fig, is on average higher than I3 (Figure 11)j this may be due to

frictional losses increasing with work load due to imposed stresses

on the bearings

When fig,net is calculated separately for the extension and

flexion phases of cycling it is dear that there is a progressive

increase in active lifting of the leg in flexion during both one

and two-leg work. Thus 6g.net of flexion increases, although it is

not until the highest work loads ( > 90f> V02 BkX) that the absolute

value of fig, in flexion becomes positive and assists the

rotation of the crank

forward

The proportional contribution of extension and flexion phases

to total fig,nct remains constant at -» 80 and 20$ respectively

throughout the range of work loads studied in both 1- and 2-leg

cycling (FIftfS 12)i Thus in thic respect 1- and 2-log cycling

arc comparable activities.
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Whilst the proportional contribution of extension and

flexion phases does not change in 1- compared with 2-leg work

the conditions under which they perform this work notably in

terms of crank rotation speed and thus muscle contraction speed

load the rotation speed of the crank at the start of leg exten-
sion is equivalent to a pedal speed of 35 rpm, by the end of
leg extension the speed has risen to« 61 rpm. In contrast the
-peed fluctuation in ~leg exercise is much less marked being
the equivalent to »45 rpm minimum rising to —Sj rpm Maximum

(Figure1}). It has been shown by many investigators (see e.g.

Dickinson 1929, Banister and Jackson 1967) studying 2-leg cycling,

that marked variation in pedal frequency from optimum levels of

5&.60 rpm results in reduced mechanical efficiency. In one leg

exercise the fact that the sniscles are contracting and applying

force at least for part of each cyole at greater extremes of

crank rotation speed than is the case in ~leg pedalling may con-

tribute to the reduced mechanical efficiency noted in this (Figure

9) and other investigations (Duner 1959« Freyschuss and Strands 11

1968, Pemow and 8altin 1971). Although other factors may be at

least if not more important] for example a relatively greater

Increase with ft of the postural work required to stabilise the

body position in one compared with two-leg exercise.

2 1cC cycling gorformed b~ th- patients
1eg cyclin't
In 1-leg exorcise there is no significsnt difference between

the injured and uninjured legs in the relationship of mean peak

force (KPP) to work load (w). Th* regression line for the oosibined



data lieu within although towards the lower siargin of the confidence

When flrnet is considered separately for the leg extension

and flexion phases in l-eg cycling, no significant differences

are revealed between the legsi the largest proportion ( « 74C) of

WAnet being generated by leg extension both with the injured and

oinjured legs throughout the range of work loads studied (Figure 18).

This is slightly ( « but significantly less than the proportion

-f work done in leg extension by the norwial subjects. However, it

should be reaembered that both the patients injured and uninjured legs

show the same proportional contribution in the extension and flexion
phases. It therefore seeaa reasonable to suppose that rather than

being an intrinsic difference resulting fro« muscle disuse the dif-

ference between the patients and normal subjects is most likely

attributable to normal intersubject variation in the pattern of cycling

coincidentally emphasised by the small number in each group.

Comparison of the relationship between oxygen uptake and work

load in I-leg exercise indicates that the injured leg is performing

at a reduced level or mechanXal erricicncy (Figure 9).  This

difference cannot be acoounted for in terms of gross changes in

the pattern of cycling (e.g. by the injured leg doing more or less

work in the extension or flexion phases of cycling), since on the
present analysis the injured and uninjured legs appear to behave

in an Identical fashion. Obviously tie difference in efficiency

may be accounted for by more subtle biomechanloal changes than

could be Identified by this investigation (e.g. by the pattern
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of force application on the crank being generated by different

uncle croupe). It does however seen unlikely that significant

changes of this nature would not produce some variation in the

pattern of force application between the injured and uninjured

Lee>

The increased oxygen cost of one-leg cycling with the

injured leg way be due to an increase in postural work as suggested

to explain the difference in efficiency between 2- and l-leg cycling.

This explanation is not entirely convincing however since it is

difficult to see why the same work load (although admittedly
-relatively* greater for the injured leg) should require an

increased postural effort at the low levels of Wat which the
WAV02 relationship begins to diverge.

Alternatively, the difference may reflect genuine variation

in the BMtabolic e fioleney of the atrophied auscle in the injured

leg dependent upon for example the velocity of contraction and the

relative contribution of type | or type Il -ubcls fibres (Ooldspink,

Larson and Davies 1970, Bolstad and Ersland 1976).
3-log cycling»

In 3-leg cycling the relationship of mean peak force (MPF)
to work load (A) is significantly different for each leg (Figure 15).

In net terms MPF is « 40* lower in the injured compared with the
uninjured leg for a given work load. This striking difference is
also reflected in the Act’«-* calculated separately for each leg so

that the injured leg is contributing ~ 40~ less work than the

aminjured leg towards the total (Figure 17). However, the propor-

tional contribution of extension snd flexion to A”net remains the
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same for each log and iB not significantly different to that found

in 1-leg exercise (Tables 4 * 5t Figure 18).

injured log whether used in one or two leg exorcise remains the

same as with the uninjured leg, but in 2-leg exercise the injured

leg operates at a relatively lower overall level compared with the

uninjured leg. The difference in work performed (W~net) by the

legs during 2-leg exercise is in marked contrast to a loss in maximal

aerobic function (P0? and It] TCItM or cnly ~ 11

Explanation of this apparent anomaly may lie in a simple

“resting” or “proto<-tinr” of the injured leg. However, If no, it
was an apparently unconscious effort on the part of the patients
who were not aware that work sharing was being assessed during the

exercise and who in addition when subsequently questioned, said
without exception that they were not consciously aware of using one

leg more than the oth.r. Furthermore, although there was some inter-

subject variation, the ratio of work sharing between the legs in

any one patient was remarkably consistent throughout a range of
work loads. HPF also, whether examined on a teat re-teat basis over
a wide range of work loads (Figure 14) or on a minute to minute basis

(cv <4)0 ia highly correlated in any one patient and leg during
2-leg oycling.
The consistency of these latter findings suggests that

there maybe a genuine physiological basis for the disproportionate

work sharing between the legs, although it is not clear what this
may be. One possibility may be that the ratio of work sharing is

related to optimal mechanical efficiency as illustrated in Figure 19.



In this theoretical calculation work loads- froe 600-900 kpm/aln have

been divided in different proportiona between the lege and the oxygen

cost calculated froa the known relationship between ft and fto2 (Figure 9)

difference in efficiency exists between the legs in 2 aa in 1-leg

exercise, it can be seen froa this analysis that the ratio of work
sharing between legs as observed in our patients falls within the
optiaua range for efficiency. It is not clear how this optimal work

sharing could be achieved. It aay be that the same number and type

of aotor units representing the optimum for efficiency are innervated

in both legs but that those in the injured leg produce leastension as

a result of atrophy.

In conclusion, disproportionate work sharing in 2-leg cycling,

whether it is simply due to "protecting” the injured leg or whether

it reflects a real physiological difference has important practical

and, or, theoretical implications. In the former case it means that

~leg exerelie may not produce the maximal desired effect when used

aa part of a programme of rehabilitation therapy unless carefully

monitored; in the second oase it suggests that, following immobili-

sation there is a physiological difference of considerable magnitude

between the limbs which is not adequately reflooted by measurement

of maximal function (t>2 ___) or gross structure (LV), but which aay

changes occurring at a cellular level in the atrophied muscle.

Clearly this is an area requiring further investigation to elucidate

the fum..ional significance



Figuro 19.

9 Contribution al injurod  log

Theoretical calculation of the affect of varying the
percentage contribution of the injured leg towardathe
performance of 4 work loads using both legs

The calculation is based on the
1-eg exercise with the
(Figure 9).

Total work load- 900 (0), rOO (x), 700 (A) and
600 (=) kpai/min.

relationships for
injured and uninjured legs
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ccNr.uir.ionr,

The patt. m of ioro . *i>bl]. d in_.1- and ?-bg exorcise
by normal mnhic i

The pattern of Torce application, as characterised by mean
peak force and the pattern of work perforated in the leg extension
and flexion phases, was the same in 1—and ~leg exercise in noraial
subjects. The investigation therefore supports the assumption that
the same muscle groups (and thus muscle mass) are used to produce the
wrate pa- | la both forms of MWreiMa Consequently
comparison based on an assumed doubling of the active muscle mass in
A com;.: - la* seems justi:l
n. j.titiT of fore, .ppll.d Hr patient. thir
Liurrd m-l min-.r-J i.-p..

The pattern of force exerted in l-eg cycling performed by
the patients with their injured leg was the same as with their uninjured
leg. Thus direct comparison between the 1-leg exercise performance
of the patient's injured and uninjured legs Bcems justified
Work sharing b. tween legs in 2-leg exercise

Normal subjects showed a tendency in 2deg cycling towards
doing more work ( e 3ft) with their right (‘preferred’) rather than
left legs.

This difference was however relatively insignificant in
comparison with the patients who showed a large and consistent
difference between the work performed by the injured compared with

the uninjured leg throughout the range of work loads studied. Hence



the injured leg contributed on average 4C?% lesa than the uninjured

the difference (~11ji) between $0,, max or leg (muscle plus bone)

Ifertiwv tho pdMMMMM io «imply an unconscious
resting of the injured leg or whether It lias soae genuine physiological
basis is not dear.
Dilf. m-mmlin ~urirnt &= rlu - i mn-v.

The differences in Mechanical efficiency between 1- and ~leg

cycling and between 1-leg cycling performed with the patients

injured
and uninjured leg cannot be accounted for in terms of the pattern of
force application as characterised by mean peak force or the proportions
contribution of the leg extension and flexion phases of the cycling
action.

At high work loads there is a greater variation in crank
rotation speed in 1- and 3-leg exercise and this may contribute to
the differences in efficiency between these two forms of exercise.
However, a simpler explanation based on an increase in the postural
component of one-leg work cannot be discounted, and this could also
account for the difference between one—leg exercise performed by the
pationts injure! and uninjured legs. Further evidence is needed on

this point.






irrrooTA'CTioN
The development of the anthropometrie techniques described in
Chapter 2 enabled the degree of disuse muscular atrophy to be

assessed in patients injured legs following prolonged disuse. In

this chapter measurements are reported of the physiological responses
to 1and 2-deg exerciie combined with anthropometric estimates of

muscular atrophy Some of the data is included in detailed form in

Appendix 2 (Davies and Sargeant 1975b) and reference will be made to

this to avoid unnecessary repetition.

The patients examined were 25 young servicemen who had suffered
fracture of one leg as a consequence of which they had had that leg

immobilised in a plaster cast for a mean period of 105 days (range

32-205). They were seen on average 50 days after the plaster cast was

removed and 18 days after arriving at a residential rehabilitation

unit. They could all pedal a bicycle ergometer at least during sub-

maximal exercise without discomfort or pain at the time of the measure-

ments. Data was also collected for comparative purposes on 9 normal

subjects. The phyeioal characteristics of both groups are given in

Table 1of Appendix 2.
Cardiorespiratory and anthropometric measurements were made

using the methods already described in detail in Chapters 2 and 3*
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sur*AXIHAI. hXKI.CToK

The responsea to submaximal exercise are summarised in Table
2 of ApicaUl 2. H-an and standard deviations are given of the values,
(predicted fro« linear regression) for pulmonary ventilation ($B)

t la i/nwri (Vt 1 tidal vo'lime at a

7j, of 30 I/min (VA A)] oxygen uptake ($07) at a work load of 45°
kpm/min for 1-leg work (VO2 A Q) »nd 900 kpm/min for 2-leg work
(¢+°2 900)I cardiac frequency (fg) at a $0, of 1») I/»in (fH 1<s);
and V02 at a fH of 175 beats/min for 1-leg work ($02 and 195
beats/min for 2-leg work ($02 ~ 7).

Pulmonary ventilation at a given <2 output (VE was

almost identioal in 1-leg exercise performed by the patients with
their injured and uninjured legs (50.5 ¢ 7.2 and 504> ¢ 9.0 I/min
respectively) and not sipiificantly different to that of normal
subjects exercising with their right and left legs (46*9 ¢ 4*1 and
47*9 ¢ 3.8 I/min). Neither was there a significant difference in
Vj ~ ~ between patients and normals performing 2-leg exercise

(44.6 + 4.8 and 42.6 + 7.1 I/min). VT at a given ventilation

(VT yj) was siOiificantly smaller (P < 0.001) in patients compared
with normals in both 1 and &-leg exercise, although there was no
difference between injured and uninjured leg exercise performed by

patients or between right or left leg exercise in the normal subjects.

In both patients and norsal subjects it was found that there

was a significant increase in the oxygen oost of performing one

ocompared with two leg work. This observation is in agree* -
previous studies in normal subjects (Duner 1959 Freyschuss and

Strandel 1 1968, Pemow and Baltin 1971, Davies and Bargrant 1974a).
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However, in addition it was found that there wao a significantly

higher (P<0.001) oxygen cost of performing one-log work with the

patients injured compared with uninjured legs. Hence oxygen uptake

at a given work load of 450 kpm/min (f02 45Q) was 1.40 + 0.11 I/min
compared with 1.1 + 0.11 I/min in the uninjured and injured legs
respectively. The possible reasons for these observed differences

in mechanical efficiency have been examined and discussed in Chapter

3 of this thesis.

When the patients performed two leg exercise the cardiac fre-

quency for a given oxygen uptake (fy ~ .) was significantly higher

(P<0.01) than in a group of normal subjects (140 ¢ 18 cf. 121 + 12
beats/min respectiveljr).

That there is an increase in cardiac frequency for a given oxygen

uptake in submaximal exercise following immobilization or simply
reduced aotivity levels is well recognised (see e.g. Saltin et al
1968, Xstrand and Rodahl 1970). It is not however clear how these

changes in circulatory responses are mediated: one suggestion has been

that they are brought about by the effect of reduced activity on the

myocardium, (Saltin et al 1968). It was interesting therefore to find

that when the patients performed one-leg cycling fH 1~ was signi-

ficantly higher (P<0.001) in exercise with the injured as compared

h the uninjured leg (153 + 19 and 142 + 15 beats/min respectively)

since both lego are dependent on the same central cardiovascular system,

further examination of the cardiovascular response was therefore under-

taken and this is presented in the next section of this chapter.






Figure A)

Vi - m

Lactic acid (LA) concentration in the blood in relation
to io? expressed in absolute (I/min) and below this
reladv. <K «02 tow

Data is given for 3 subjects performing 1-leg exercise
with their injured (o--—0) and uninjured (#-+) leg*c
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ly (P < 0.001) different
stroke volume must have been smaller in exercise with the injured

leg and there is Indeed a consistent trend so that the mean SVA ~

ml 1llml ! J*e'r. *1)m m *ta atajar |

However due to the variance of the cardiac output data and the small
numbers involved this just fails to reach conventional levels of
significance (ir. fact =t= * 2,Mi with !

P >0.10<0.05).

Oxygen uptake of 1.5 I/min represents 68 and 59£ of the
total __of the injured and uninjured legs respectively. If

oardiac frequency is predicted instead at a $0~ equivalent to 6C

in each leg 65> the differences observed between the legs
disappear. Hence fjj ~ is 148 ¢ 9 end 148 + 11 beats/min reepeo—
tively in the injured and uninjured legs.

This finding is comparable to Saltin et al's (1968) observa-

tion of an increase in submaximal cardiac frequency response to

»-leg exercise following bed rest. These latter authors also found

that expressing +Og in relative terms (i.e. % V0? ) removed the

significant differences they observed but went on to suggest as a

possible major factor changes in the myocardium. This however

cannot be a factor in the present study where both legs are dependent

upon the same myocardium} rather it is peripheral factors which are

implioated sines the differences appear to accurately reflect the
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;tresu imposed log« A similar u jm irin |
responac related to "peripheral stress” has recently been noted by
saltin et al (1976) following one leg training and by Saltin and
Landin (1975) in hemiparetic patients.

It must be admitted however that there is no evidence of a
causal link between relative work load and fy. It may be that the
differences found in the latter merely reflect impairment, resulting
from immobilisation, in the control of the capacitance vessels, this
impairment being coincidentally related to the magnitude of the
reduction in function in the injured limb.

However although no supine exercise was undertaken in this
study, Saltin et al (1968) found that the changes in circulatory
adaptation to exercise following bed rest were similar in both upright
and supine exercise. The latter type of exercise facilitates venous
return by reducing peripheral pooling and it is suggested that the
persistence of the circulatory differences in Saltin'* bed rest
patients (in contrast to patients with central nervous system damage
resulting in postural hypotension) rules out the impairment of control
of the capacitance vessels as a major factor although it may be con-
tributory

Studies of indocyanine green clearance in relation to heart
rate (Rowell et al 1964, Clausen et al 1973) indioate a common neural
motivation governing increase in heart rate and reinforced vaso-
constriction in non-active tissues (Rowell 1974)» In the training
study of Clausen et al (1973) it is suggested that there is a reduc-

tion in this neural activity when trained muscle is used for exercise.



83
and as with the data presented in this chapter and in accord with

Saltin's data, this reduction is related to the relative stress.

Thus it appears that the cardiovascular response to submaximal
exercise »ay be significantly influenced by feedback,which is pro-
portional to the relative stress involved,emanating fro« the active

muscle (e.g. Coote et al 1971 McCloskey and Mitchell, 1972). How-

ever, it »ay equally be that this control is due to iapulses arising

centrally (see e.g. Pblkow and N->il 1971, Freyschuss 1970) possibly

related to the degree of cortioal activity necessary to perfor» a

given work load with atrophied and normal muscle. Mo definite con-

clusions can be drawn regarding these possibilities fro» the present
data.
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MAXIMAL KXKHCK:K

It wets possible to obtain satisfactory m<asure*ents of maximal
performance in only fifteen out of the twenty-five patients studied
during Ul«] tUNiM i To achieve even this N flIV Il considerable
patience, encouragement and careful explanation of the purpose of

the testa ir order to elioit the patient's cooperation. These results
sure summarised in Table 3 of Appendix 2.

Maximal ventilation (Vg maxX) was consistently and significantly
higher (P < 0.001) in both 1- and 2-leg exercise performed by the
normal subjects compared wxth the patients. There wore however no
significant differences between the ma] achieved in 1-leg exercise
with patients injured and uninjured legs or between that achieved with
normal subjects’ right and left legs.

Maximal cardiac frequency (f* max) was not significantly dif-
ferent between the patients and normals in either 1—or 2-eg exercise
although as previously reported (pernow and Saltin 1971, Davies and
Sargeant 1974*>) fH mex was higher (- 10 beats/min) in 2- compared with
1eg exercise.

The VO, M~ net of the injured and uninjured legs were smaller
by 26°Cand 1% respectively when compared with the right and left
legs of normal subjects. However, these differences were reflected
by concomitant variation in th# sise of leg muscle (plus bone) volume
(LV). Thus for a given LV there were no significant differences in
the 1-leg $02 of the patients injured or uninjured legs or normal
subjects right or left legs (Figure 21) and nearly all data points

fall within the yyf, confidence limits of the relationship previously



Figure 21.

s
LV. - litres

Relationship of one—eg maximal aerobic power output
(*02 (ajnet) to leg volume (LV - muacle plus bone).
Data points are shown fo~ patients uninjured legs (=)}
injured legs (0)j and normal subjects right and left
legs (A). The shaded area represents the 9  con-
fidence limits of the relationship previously found
for normal subjects (Davies and Sargoant 1974% b).

>
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An important factor affecting the motivation and hence
successful rehabilitation of limb injury patients is how they
perceive their own level of exertion. Using a numerical rating
scale (Bore 1962, Eorg and LInderholm 1967, Skinner et al 1X'9,
Borg 1970, Bar-Or et al 1972) | sought to quantify the level of
perceived exertion during the 1- and 2-leg exercise tests performed
by the patients and normal subjects. The scale used (Borg 1970)
gives values from 6 — 20 each odd number on the scale chart being
accompanied by a brief verbal description as given below:

6

7 very very light
9 very light

1 fairly light
13 somewhat hard
19 hard

17 very hard

19 very very hard
20

Subjects were shown the chart at the end of each work load and asked
to indicate a number on the scale corresponding to the degree of

exertion perceived.
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Figure 23. Th« rclationship in one—eg exercise of work load (0)
Minuta ventilation (t~), cardlac frequency (f~) and
oxygen uptake (20?) to rat«d perceived exer*ion (RFC).
Régression Um i are (iwn for exercic involvine the
patienta injured (...) and uninjurcd (---) legs and
for the one—leg exercise perfomtcd bjr th« nornal con—
trol eubjecta (— )
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Figure ?4m The relstic.-ichio
load (jt SOu
Regression

In one-leg eu rcise of relative work
) to rated perceived exertion.

lines sre given for th« exercise involving
Q- patientc Injured (-=—) end uninjured (- - -) legs

w== for the one leg exercise performed by the noneal
«—:rol subjects (  m)
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UtiMMKly la tIM pttitut t'tw. n $0~ L,

and two-leg exercise la shown In Figure 2%

In interpreting these findings it should be remembered
that the numerical scale for rating perceived exertion (RPE)
developed and validated by Borg and his co-workers was structured

to give a linear response of RPE with heart rate during exercise

performed on a stationary bicycle er, ver, there
are differences in the heart rate response to exercise due for

example to age (Borg and Linderhols, 1>>,); wrtiaB M ta) conditions

(Skinner et al 1973)l training (kkblom and Goldberg 1971)] illness

(Borg and Linderholm 1970, Sanne, 1973), or the sise of the muscle

mass utilised in exercise (Sergeant and Davies 1973) then signifi-

cant differences in the RPE/fH relationship become apparent between

groups.
The heart rate response as indicated by maximal levels attained

and/or submaximal levels for a given oxygen intake has been shown to

differ in one compared with two leg exercise and in one leg exercise

involving patients injured and uninjured compared with normal subjects
right or left legs. It was not therefore surprising that in the

present study clear differences were indicated in the RPE/fH relation,
ship between these groups and types of exercise, although a linear

relationship was maintained (Tabic t - Figure | ))a
It was previously shown (Sargeant and Davies 1973) that under
dynamic exercise conditions in**olving different muscle masses such

differences could be --esolved by relating RPE to the relative work



Figure 25

VO ,, jgiprodtotad - Hr* /min,

The relationship or observed $02 to Vog
predicted at RPEgQ ($0g R2Q)« Th« regression line
shorn is from Sargcant and Davies (1973). where
y » 0%264 + 0.929 *02

Data points are given fori 1-leg exercise performed

toy normals subjects (0) and by the patients with
th.ir injured (A) and uninjured () legsj and for

2leg exercise by the normal subjects (m) and
patients (»).
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The present data extended that work and confirmed that in patients

who had suffered a loss of function in one let; due to immobilisation

following lraoiun.-, the perception of exertion was accurately re-

lated to the new reduced functional level so that RPE for a given

relative work load remained the same in l-leg exercise in either leg

of the patients or normals (Figure 24). This implies that the

accurate perception of exertion is not dependent on long term memory

and experience of exercise situations since the patients had not

previously exercised at maximal levels with their injured legs and
1y.

Furthermore, if the limitation to maximal one leg exercise is peri-

pheral rather than central, the present data may be interpreted as

indicating that the accurate perception of exertion is predominantly

dependent on feedback emanating from the active limb itself, such

feedback being proportional to the physiological stress imposed.

The relationship of RPE/$02 at submaximal exercise levels

(<80M 02i>m) cn be umd to estimate $02 in these patients

in the same way as previously developed in normal'subjects (Sargeant

and Davies 1973) (Figure 25). Although even when correction is

made for the systematic underestimation of $02 fiax at toy the

application of the appropriate regression equation, the method re-

mains a relatively crude guide in the individual case and whilst it
may prove a useful adjunct to the therapist in gaining insight into
a patients capability and relative level of exertion in a given exer-

cise situation it is clearly a poor substitute for the direct measure-

ment of maximum oxygen intake.
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The present data confirms the alight though significant
differences previously noted (Sargcant and Davies 1973) between one
and two leg exercise in the IPE/i$(V, relationship in both patients
and normal subjects (Table 2). It seems reac ulatc
that this may result from the fact that whilst in one—leg exercise
the limitations to maximal performance are largely peripheral, in
two-leg exercise, where there is normally a close integration of
the component parts of the oxygen transporting system, there may
be a summation of inputs from a number of these component parts

both peripheral and central with increasing stress leading to a

relatively elevated sense of exertion. However, as before the dif-

ferences are slight and related to the slope of the regression lines

so that they intersect at —RPE 15 and even when ectrapolated to
RPBgo thc indicated is only —I10jt.

In conclusion it should be noted that the patients studied

although still suffering a loss of function as a result of fracture

and imsK>bilisation were fully mobile, had good union at the fracture

site and were able to pedal a bicycle ergomoter up to  maximal levels
withou* pain. However, in patients who are anxious regarding their
exercise capability, following for example myocardial infarction
(see for example Sanne 1973) the relationship of IIPE/;Ctfo? may be
considerably modified depending on the level of anxiety, amount of
reassurance or therapy received, etc. Such modification of the HPE
response may in itself prove to be a useful tool in assessing the

current level of anxiety regarding functional capability. Furthermore,
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the RPK scale administered to individual patients performing

exercise as part of their clinical assessment may prove a useful
key for advising patients on desirable exercise levels when they
return to a normal work/domestic routine. A im are areas of practi-

cal application of the RPE scale which deserve further investigation



Chances in the Physiological
Responses to Exercise follow-

ing Rehabilitation therapy.
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Introduction

In the previous chapter the effects of disuse muscular ati >phy
on the physiological responses to exercise were described in a group

of patients at the commencement of a residential course o rehabilita-

tion therapy. The course included exercises specifically (but

empirically) designed to improve not only the injured limb function

but also general cardiovascular fitness. The present chapter describes

and discusses the changes in physiological performance in eight of

these patients following an average period of seven weeks of therapy
This data is compared with the effects of a training programme based
on 1-leg exercise undertaken by seven normal subjects. Pull details

of the patient and normal data are included in Appendices 3 and 4

respectively and reference will be made to these where necessary.

The physical characteristics of the patients are summarised in

Table 1 of Appendix 3 and those of the normal subjects
Appendix 4

in Table 1 of
The methods used in studying both the normal subjects and
patients are the same as previously described (Chapters 2# 3 anc* 4).
franr-s In philological resjjonses to submaximal exercise

The submaximal responses to exercise have been characterised as
in Chapter 4 and the changes following rehabilitation are summarised

in Table 2 of Appendix 3.

Following therapy there were significant reductions (P < 0.001

and P< 0t0)) in cardiac fNfH M) ml a given VC? (fH 1  during
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1-lee exercise performed by the patients with their injured and

exercise there wan a similar ye#NtiM !m fjj | « °r 6 buats/min

following rehabilitation although this latter change was not

statistically significant. Thus at the end of rehabilitation
therapy cardiac frequency response in the patients approached

that observed in normal subjects (Table 11 of Appendix 2). These

changes were reflected in significant increases (P < 0.001) in

+02 predicted at a given cardiac frequency ($02 in exercise

with each leg (+0.49 I/min).
At the commencement of therapy fa>2 for givin work output of

450 kpnvmin (fo2 N Q was higher in exercise with the injured

than the uninjured leg (respectively 1.50 + 0.1? and 1.37 + 0.09
17iln i P<0.001). The effect of rehabilitation was to reduce the
oxygon cost of work with either leg producing a email rise in

mechanical efficiency, (Figure 1 of Appendix 3)» In contrast

the mechanical efficiency of two-leg work was unaffected by re-
ha

tation and throughout the investigation was closely in accord

with previous results found for normal healthy subjects (Davies and
Sergeant 1974b). The differences between 1-leg work in both patients
and normals has already been discussed in detail in Chapter 3. However
the present observation of an increase in mechanical efficiency in 1-leg

exercise following training adds a new aspect to the problem. It could

be argued that the effect of training may be to reduoe the strain on



101
the body during 1-leg cycling leading to a reduction in the postural
However in the present study meaeurement of mechanical efficiency
has been mado from a baseline of sero load, and although it is true
that there aay be additional postural cost at maximal levels of
exercise (see Davies and Sargcant 1974b) it is difficult to see
why there should be an increase at the submoximal levels of work
as noted in this and other investigations (Chapter 3).

A wore convincing argument may be found in the possibility of
changes in the metabolic cost of producing tension related to the
optimum number and type of muscle fibres. The maxima'
duced by muscle fibres is related to their cross-sectional area and
since this is reduced in atrophied muscle (Chapter 2) more fibres may
have to be recruited to produce a given tension when compared with a
-normal' muscle. The effect of training in these patiento is to reverse
the atrophy i.e. increase the cross sectional area of the muscle fibres,
and hence reduce the number of fibres that it is necessary to recruit
to produce a given tension. The reduction in the number of fibres
necessarily recruited may in itself lead to a reduction in the meta-
bolic cost of the work as suggested in another context by Abbott,
Bigland and Ritchie (1952), However if this were the only factor
it might be expected that training in normal subjects would result
in improved mechanical efficiency of two-leg cycling, but there
is mo evidence to suggest that it does (see e.g. lstrand and
Rodahl, 1970 for a general review). A slightly more elaborate

explanation may be that due to the atrophy of the fibres which would



normally be recruited at a «iven tendon other fibres of different
’

Larson and Davies 1970) are necessarily recruited which operate

at a lower metshell

Chanres in p. i ! r p.n>hto nemiiral . htcide

The changes in reoponse to maximal exercise following rehabili-
tation in the patients, and training in the normal subjects, are
summarised in Table 3 (Appendix 3) end Table 2 (Appendix 4) reaper
lively.

The effect of rehabilitation was to increase the VO,
achieved in exercise with the injured and uninjured legs of the
patxents by 17¢ and 9% respectively, thus abolishing the significant
difference found between them at the start of therapy. At the same
time there wan in both the patients injured and uninjured legs an
increase in leg muscle (plus bone) volume (LV). However, whilst in
the injured legs the latter changes tended to be proportional to
the increase in net $02  , in the uninjured leg there was propor-
tionally a greater increase in the 102 __compared with LV, and in
norstal subjects undergoing a training programme of 1-leg exercise
there was virtually no change in LV but a highly significant increase
in *02 m (Figure 26). Thus it nay be hypothesised that in the
patients injured leg there is a close association between aerobic
potential and the sise of the active muscle mass, whereas in normal
subjects where the LV is already 'optimal* any increase of aerobic

potential occurs independently of musele sise being dependent upon
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represents- some intermediate stage between these two contrasting
extremes.

The improvement in i-eg V02 Rajt following training in the
This was an inverse relationship so that those cases with the highest
*02 (standardised for LV) showed the least improvement (Figure 2
of Appendix 4). A similar relationship was demonstrated in the case
of the patients uninjured and injured legs following rehabilitation
although all of the data points except one were displaced to the left
of the regression line for normal subjects (Figure 2 of Appendix 3),
That the patients show somewhat smaller improvements than the normal
subjects over a similar period of time may have been due to the less
specifio natvue of the rehabilitation therapy compared with I-leg
training since the rehabilitation programme included elements to improve
all aspects of general fitness. Notwithstanding the difference in
absolute level between patients and normal subjects the inverse nature
of the relationship between improvement and initial level is well
recognised, (see Ekblom 1969)» It is presumably due to a progressive
reduction in the margin of possible improvement the higher the initial
level becomes.

The sum of the increases in net $02 of the patients legs
measured independently are approximately equal to the increase of
0.4 3 I/min found in the ?-leg $02 ~ net. This is in marked contrast

to the situation observed in normal subjectsundergoing one-leg training
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leg measured Independently was not reflected in the 2-eg VO
which only increased by 0.14 I/min (Table 8).

It oould be argued that the present findings in normal subjects

following 1-eg training support the view that whereas in one—eg
exercise the limiting factor to maximal performance is peripheral
(i.e. related to the state of the exercising muucle)in 2-leg exercise
it is more likely to be central (cardiovascular). Thus l-leg training

increased the aerobic potential of rnch lag by 146 (P < 0.001) but no

significant improvement was elicited in central cardiovascular

function. The body was therefore unable to take full advantage of

this increased potential in 2-leg exercise where the limiting factor

may be cardiac output. Hence the improvement in a-lcc *°2

only 4.7)t and not statistically significant.

These findings in normal subjects were similar to those reported

by Oleser (1973) but at variance with a recent study by Saltin et al

(1976). These latter authors showed a significant increase in two-

leg $02 in groups of subjects following different one leg training

programmes although in, for example, the group showing the most

striking increase in one leg $02 of 0.58 I/min (247) the improve-

ment in two leg V02 is only 0.34 I/min (11)1). Clearly not all of

the increase in aerobic potential of the muscle is being utilised in
two leg work. Furthermore the improvement of one leg V02 majt shown

as a result of endurance training by Saltin et al is of a greater

magnitude than in the present or Qleser's studies and this may reflect



Increase in
Uninjured or
Right leg
V02 ,.net
Patients 0.12""
Nomala 0.39%%
Table 8.

subjects.
Significance

*** p< 0.001]

* P <0.05 t

litres/»inute

Increase in Combined

Injured or

U ft leg in aerobic

Vo, net potential
0.29**» 0.46 of.
0.29** 0.68 cf.

106

Increase
in 2-leg
V02 aa*net

0.43-

0.14r

Changes in 1-leg and 2-leg VO? ~~net resulting froc

rehabilitation in patients and training in nomai

** P < 0.01J

not sinilfloant
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where subjectr may have trained for up to a meximum of 1000

minutes per leg.) If training of one leg is sufficiently severe,

bearing in mind that it can achieve 70 to 80(C of two leg fa2 rn,

it will result in training of the central cardiovascular system,

which will be reflected in improvement of the i<2 ~ achieved

in 2-eg exorcise when central factors are in fact limiting.
Despite these qualifications regarding the comparability of

Saltin at al's and the present normal data the changes in patients

1—and 2-leg *)o2 appear to support the former rather than the

latter. Hence the combined increases in 1-leg $02 ~ are reflected

by an almost exactly equal rise in the &-leg $02 [nM. The rehabili-

tation programme included however not only exeroises designed to

improve injured limb function but also the patients general cardio-

vascular condition. It seems likely therefore that the close asso-

ciation between the changes in 1- and 2-eg $02 ~ ire coincidental

rather than causal.

Finally, the effect of the general cardiovascular fitness

aspect of the rehabilitation programme may be seen in the improvement

of the ~leg 002 for a given leg voluiee (Figure 27). Thus at

the end of rehabilitation there le no si~iificant difference between
the patients and a previous large scale study of service personnel

(Davies 1972).
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IWTHOIXICTIOW

One criticism which could be raised against the analysis of

the patient uninjured and injured leg data aw presented in this

thesis is that it has been interpreted in the light of normal

since in none of the groups of normal subjects studied was a sig-

nificant difference found between the right and left legs either in

terms of LV of to2 -ax.

However, there is the possibility that real differences exist

between the functional and structural status of contralateral limbs

in normal subjects. In particular it might be argued that habitual

“preference” of one limb in exercise situations might result

n

signi

cant differences occurring in these parameters and that this
effect might have been obscured by merely comparing right and left
legs and also by the relatively small numbers involved.

| have therefore oollected together all available normal

subject data where limb volume and I-limb $02 determinations

have been made for both lege and in some cases both arms
I have analysed

This data
in order to examine the possible variation in limb
sise and function associated with habitual "preference” of one limb

in exercise situations.
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*ge Wi 29 yearsj weight ]),) kg; and height 1% .9 <m. In. :

in this analysis was dependent upon them being able to identify

thtir "preferred” liab. This present.. ms of

aras but soae subjects found it difficult to identify a preferred

leg. Subjects were therefore only included in the analysis if they

consistently identified one leg an being (a) the strongest] (b) the

preferred leg for kicking and (c) the leg that was used to “take off"

flsa when jumping or hopping. Subjects who gave mixed responses to

these questions or who had no identifiable preference in a given

situation were not included in the analysis. Thus the data presented

aay represent the larger differences found within the normal popula-

tion, especially in relation to the legs, since soae subjects are

unable to identify a preferred leg or have soae aixture of preference

depending on the activity.
None of the subjects included in the analysis took a ‘pro-

fessionally* intensive part in sports likely to result in extreme

asymmetrical development although like most healthy aotive males in

this age group they all had at soae time or still did play recreational

football and racquet games, hone Ol the subjects had any history of

serious or recent limb injury
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Estimates of total and muscle plus bone limb volume were
made using anthropometric techniques (after the methods of Jones
and Pearson 1969)» Leg bone voluste was estimated from X-rays
(Jones 1970n).

Ore Limb n

One leg exercise was performed as described in Chapter 3 =
To briefly summarise this involved pedalling a fixed wheel stationary
bicycle ergometer with the active foot attached to the pedal by means

One arm exercise was performed on a modified bicycle ergometer

(Monark) which had a crank constructed vertically above the flywheel

at should« height. The sadd; 1 was removed and was
replaced with a seat incorporating a shoulder board and harness
which allowed the trunk and upper body to be restrained and remain

stationary, henoe confining the exercise to the active arm. The

pedals of the cranks were replaced with hand grips (see

flargeant 1974m)e

Davies and

Maximum determinations of to”~ in both one arm and one leg work

were made at the end of a progressive exercise test designed to span

the subject*s capacity,

fraterla of maximal performance
It was not always possible in progressive exercise tests using

sms limb to establish the "0t>2 plateau” criterion for 10] __.



To overcome this difficulty when it arose, duplicate measurements
were made on separate occasions at different supramaximal

Pull

loads.
details of the methods used in measuring the cardio-

respiratory response to ma

al exercise arm given in Chapter
Arm exercise measurements were made using the same methods as

described for one-I(g exercise.



Limb Volume nnd CoTrr'Qi'ition

(i) Lero:  The total leg volume of the preferred leg (18 right

2 left) was on average 160 ml larger than the non-preferred leg,
and whilst this difference ia email (2j6) it ia nevertheleaa con-

aiatcnt uo that it is atatiatleally singificant (P< C).0it Table 1).

When correction ia made for the fat content of the lego thia difference

ia maintained and although the percentage difference between the

volume of fat in the two lege ia of the same magnitude (1.67) aa

the total volume, it faila to reach conventional levelo of aignifi-

oance. Bone volume cetimated from X-raya after the method of Jonea
(1970a) ahowa no meaaureable difference although it ia in any caoe

only a email proportion (- II"C) of the muscle plua bone volume.

Hence the difference in total leg volume can be largely attributed

to differencea in the muacle component (Table 1).

(ii) Armm  Arm volume wao measured in eleven of the twenty sub-
jects by adaptation of the anthropometric methods described for the

legw by Jonea and Pearson (1969). In this the arm measured in the

horisontal extended position waa treated as a series of truncated
oonea defined by circxmiferencea at (i) the minimum wrist, (11) maximum
forearm, (iii) olecranon process at the elbow, (iv) minimum upper arm

below the bicepa, (v) mid upper arm, (vi) minimum upper arm

the biceps, (vii) the angle of the axilla.



A correction for r»t baned on skinfold thinkncnoc«

Measured at the dorsal and ventral forearm surfaces and the

biceps and triceps was made using equations developed by Jones
(1970b).

Correlation between total arm volume measured in this way

and by water displacement in nine subjects was ¢ 0.97.1, there

was no systematic bias shown by a paired t—test. The relation-

ship is given by the equation!
Arm volume (water displacement) -
0.19 ¢ 0.999 volume - anthropometry); cv - 4%

The total voluare of the non-preferred arm (2.72 litres)
was ** 5l (P < 0.01) smaller in comparison with the preferred arm
(2.85 litres) and as with the legs this difference was maintained
when allowance was made for subcutaneous fat leaving muscle plus

bone volumes of 2.15 and 2.30 litres respectively (Table 9)«

Wo radiographic assessment was made of bone sise in the arm but

assuming that this represents a fairly small and constant pro-
portun of the total volume (see e.g. Cooper, Edhol m and Nottram,
1953), as in the lega (i.e. =* 1I£) it can be seen that the dif-
ferences in total arm volumes must be largely due to differences

in the volume of the muscle component.



Volumes (estimated fro« anthropoa*try) of th* total leg, anisele plus ben*, fat, bone

Tabi* 9¢
(from X-ray), and auscl* in the preferred and noiwpre: erred limb* of healthy mala subjects,
Th* difference ( dC) i* expressed as a percentage o: the preferred lirt. Means ¢ SD
are given.
TOLKE - Litres
total Muscle Put Bore Muscle
+ Bore
5 Preferred 8.75 7.47 1.28 0.80 6.66
*0.92 +0.84 +0.29 +0.10 40.76
(n - 20
Soiwpreferred 859 7.33 126 0.80 6.53
+0.88 +0.82 +0.27 +0.10 40.75
4 -1.8** -1.9*% o -2.0*
Preferred 285 2.30 0.55 0.24* 2.06
asm 40.57 40.43 40.18
(m. 11)
Morwpreferred 272 215 0.56 0.24* 191
+0.63 +0.47 +0.19
-4.6%* 6.5%* .8 o -7.3-

Significance (paired *t* test)) *- - P< 0.01} * * P< 0,05

* - assuaed values - see text



Maximal ox..rci. - i-onponr.-n

(i) Lerai  Maximal work (W~ ) and ventilation (VA were

slin‘tly Uwvr (1. al rref Ctl ly) tm fiM

compared with the preferred l«g( Hmm UffM M M| are not hov*-
. o 'l

the norw-preferred compared with 2.84 I/min in the preferred leg,

wab however significant (!"' < 0.01) and this difference of ¢ 441

was maintained when expressed in net terms ($02 of exercise minus

the $02 of zero load p-4 - . ftN 1 was no di:

in the maximal heart rates.
(ii) Armst One arml

Ac with the legs Wnax and Vg were

lower though not significantly so in the non-preferred compared
with the preferred arm by 53 kpsi/min and 7.4 I/min respectively
(fable*>).  Also the absolute and net fa>2 max showed a similar

difference to the legs of + 4iC in favour of the preferred arm.

This was not however statistically significant. fH max is virtually

identioal in both arms being 143 and 141 beats/min for the preferred

and non-preferred arms respectively.



Tahle 10 Xaxmal work (W.w), ventilation (V> mt), absolute and net oxygen intaka (fc pAX) and
heart rate (fH in the preferred and non-preferred leg# and area of healthy sale

suljects (eean ¢ SD). The M ffM M (d =( is expressed as a

link*
.« *Esax  *°7«, >, H sax
kps/sin I/nin 1/aiin */min beats/ni".
S Preferred 1045 120.1 284 239 173
@ 15 207 4199 ¢40.42 40.37 Vit
Non-preferred 10)2 114.3 2.74 2.29 173
181 4213 +0.39 40.34 1
. 1.2 4.8 350 4.2% °
Preferred 263 51.8 1.10 0.72 143
40.31
(T-7 58 +18.9  40.32 024
Non-preferred 210 45.4 1-3 0.69 141
@1 4185  v.39 40.35 122
20.0 14.0 45 4.2 1u

Significance* «* P< 0.01j =« P< . *5
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DISCUSSION

In this analysis an examination has been made of the pos-

sible variation in limb size and function associated with habitual

"preference” of one limb in SISTSIS« sltuatiOMa Hecause of this
I have been concerned only to identify in a pragmatic way the limb
that is and has been habitually preferred by these young male sub-

jects for a number of years (i.e. disregarding anv early predis-

position which may have been overridden by training).

The results indicate that the total volume of the non-

preferred leg was slightly but significantly smaller when compared

with the preferred leg and that most of this difference was attri-

butable to ohangos in muscle volume. The arms show a more marked

difference between the total volume of the preferred and non-

preferred limbs as compared with the legs representing 4.6~

(of. 1038 in the legs) of the preferred limb volume. When cor-

rection is made for the subcutaneous fat oomponent which shows
no significant difference between the arms and an assumed constant

value for bone the difference in the size of the muscle component

is increased to 7.3~ (of. 5° in the legs).

That the arms should show greater differences than the legs
is not perhapn surprising when one considers that whereas the legs
both used fairly continuously in walking, running eto. albeit with
more emphasis on the preferred leg in certain situations, (e.g.
Kicking, Jumping)the preferred arm by contrast is used alone for
a much greater proportion of the time as in racquet games, tool

handling, writing eto.
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COfICI J131QNS

1) Whilst the use of the one limb model to study peripheral

physiological phenomena is most attractive enabling the contra-

lateral limb to be used as a matched control, careful measurements

must be made of the baseline conditions of both limbs, since clearly

it cannot be assumed even in normal healthy subjeots that the limbs

are structurally or functionally identical. However, provided

these precautions are observed and standardisation is made fu. the
sise of the effective muscle mass then the one limb modol can prove

a potent and valuable tool in exercise physiology

2)  The normal subjects, including as they did only individuals

who oould consistently identify a preferred leg, probably represent

the larger inter-leg differences to be found in the population. Even

so, although statistically si&iificant the differences in LV and

V°2 max are relatively small in comparison with those in the patient
groups and do not materially affect the findings of the present thesis.
3)  The effect of limb preference needs to be taken into account in

assessing the significance in patients of inter-limb differences

found at the end of treatment designed to restore limb structure

and function. Once recovery is complete significant differences may

still be found as a result of the prevailing activity patterns as
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SUKMAHL AND COKCUIr.IONS

The uime of this thesis were to study the effects of disuse

suscular atrophy on the physiological responses to exercise.

The experimental model adopted for this purpose was based on
patients who, following prolonged immobilization of one leg, showed
atrophy of the swedes in that leg and a loss of function. The
injured leg could thus he compared with the uninjured

noted as a 'normal

leg which
control within the sasie subject.

It was necessary to establish the comparability of one and two

leg cyoling as well as one-leg cycling performed by the patients with

their injured and uninjured legs. This was done by developing a

system for recording the force applied to the cranks of a stationary
ergometer. The pattern of force exterted in one leg cycling performed
by the patients with their injured legs was the same as with the
uninjured leg, thus justifying direct comparison. In eg cycling
the patients showed a disproportionate sharing of total work between
the legs but the actual pattern of force remained the same in both
legs and the same as in one-leg cycling.

Physiological responses to subsukximal exercise in the patients

Indicate that as with normal subjeots there was a significant inorsase
in the oxygen cost of performing a given work load in one compared with
two log exercise. However, in addition it was found that there was
a significantly higher oxygen cost of performing one

leg work with
the patients

injured compared with their uninjured legs. 3ince no



differences between the legs had been identified in the pattern of
force application during l-leg cycling it is difficult to explain
these variations in mechanical efficiency. Cardiac frequency for
a given oxygen uptake (V02) in submaximal exercise was also higher
in the injured compared with the uninjured leg and this may have

reflected the relatively greater stress imposed on the i

at a given VOg.

Maximal aerobic power output (V02

red oed in the injured leg and this was associated with a concomitant
decrease in leg (muscle plus bon.) volume (U ). Thus the relation-
ship between LV and V02 remained essentially the same in one leg
exeroise whether it was performed with the patients injured or
uninjured or normal subjects right and left legs. In two leg exercise
the loss of function associated with a reduction in muscle mass was
oombined with a further deterioration in performance due to general
cardiovascular deconditioning.

The effeot of rehabilitation was to reverse the changes in one
and two leg exercise performance and to increase leg volume. The
findings indicate that in patients who have suffered disuse atrophy
of muscle in one leg the limitation to aerobic power output of that
leg may be the sise of the effective muscle mass. Hence recovery
cf aerobic function is closely associated with increase in leg volume.
In fact the data suggests that there are two phases of the recovery
process: In the first phase Improvement of V02 mej[ and LV are
interdependent. However, one.- an =.ptimum’ LV is attained any

further rise in VC2 max may be independent of the sise of the muscle



munele itB*-1f. This latter phase iu clearly shown in normal

subjects undergoing training and is suggested by the sstall changes

In normal subjects increasing the $0,, of each leg

separately by one-leg training did not significantly increase the
V02 __ achieved in two leg exercise.

This observation was interpreted as supporting the view that
in two-leg exercise which involves a relatively large muscle mass
the limitation to aerobic power output was most likely imposed by
central (cardiovascular) factors as suggested by Beveg&rd and
Shepherd (196;). In contrast the limitation to one leg exercise
was presumed to be peripheral, that is dependent upon the sise and
intrinsio state of the active muscle mass (Davies and Sargeant
1974», b).  However in the patients the combined improvement shown
in the one-leg $02 __of the injured and uninjured legs was re-

flected in an equivalent rise in the $02 of two leg exercise

This contradictory finding seems to be explained by the fact
that the rehabilitation programme undertaken by these patients
included elements intended to improve general cardiovascular fitness
as well as injured leg function. Thus it is not perhaps surprising
that simultaneous improvesMnts ocour in both one and two-leg exercise

performance.

Therefore the data on this group of patients cannot be inter-

preted as supporting the view recently revived in the literature (see
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Jhirthonsore the two-leer VO, . for a given LV in at the end of

rehabilitation not significantly different when compared with normal
subjects. However, it is not poaeibli assess the
efficacy of the rehabilitation course in the absence of data on
spontaneous recovery which occurs without the benefit of specific
therapy.

The ultimate levels of VO~ and LV attained at the end of

the recovery process by the injured and uninjured legs will reflect
their prevailing IsVSI of activity. It may tWrefoTS bs MM unary

to take into account whether there is a consistent preference for

one leg in order to assess the normality of any inter-limb differences

found at that time.

Measurement of the forces exerted and work performed during

submaximal two-log exercise indicates a large disproportionate sharing

of work between the legs and this was not attributable to conscious
effort on the part of the patients. The net force exerted by the

injured leg is - 40jf less than that exerted by the uninjured leg and
clearly this will mean that 2-leg exercises may not produce the desired
maximal afreet when used as part or a programme or rehabilitation therapy

unless carefully monitored.

Finally, to return to more theoretical considerations, the present

thesis underline the anymmetrical one-leg model.

Its particular merit is that it permits the disassoci

tion of central
and peripheral factors and may therefore prove a most useful tool in

the study of philological control mechanisms during exercise.
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Physiclocical

LIST OX AI-H'LVIATIOWS

Parameters
cardiac frequency
fractional concentration of inspired oxygen
lactic acid

mean of the peak force exerted
1or 2 minute period

in each cyle over a
cardiac output

stroke volume

rated perceived exertion

carbon dioxide output

pulmonary expired ventilation

oxygen uptake

maximum oxygen uptake

oxygen uptake expressed as a percentage of $02r,

mean tidal volusm
work load standardised per unit time
work performed on the cranks of the ergometer

(calculated from force records) standardised per
unit time.

Ml



*o2 105
*°2 450 (or 73)
*°2 900 (or 147)

V2 R20
TT 30
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oxyC<n uptake in 1-leg exercioe at f of
175 beato/ain
oxygen uptake in 2-eg exercise at f of
195 beats/ain

oxygen uptake in 1-leg exercise at work load of
450 kpm/ain (73 watts).

oxygen uptake in ?—og exercise at work load of
900 kpm/ain (147 watts)

oxygen uptake at RPE 20.

aean tidal voluac at of 30 I/ain

Ph~Blol charac.teristics

1
«1

up

X

* 4

Statlatlo*l
ov

d

r

sD

Sey

injured leg
uninjured leg

preferred liab
non-preferred liab

right leg
left leg

lean lody mass calculated from (4sf (Durnin and
Rahaman 1967)
leg volume

sum of 4 skinfolds (triceps, biceps, subscapular,
suprailiac)

coefficient of variation

difference

correlation coefficient

standard deviation

standard error of the estiaate of y
StudentV *t* value.

Change (e.g. before cf. after training)
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Conventional methods were used in the statistical treataent
of the data (Armitage 1970).
Swariaed data is given in the for« of moons and standard
deviations throughout the text.
Comparison of data was made using Student's *t' test. Where
,h, . wpari.or.« »or. tol«.«» 41ff.r.nt group. or | M laU ond/or
.m | .ubj.oc = group.d > PRI L e

m | moo cmp.rl.oo. ooro md. «Ithlo 10« m ~

lodlvidm|
tor.ro V.. .nor tro.m.d/trinin.l or right lo. o.orci.o roopomo

VS. left leg).
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Effects of exercise therapy on total and component tissue
leg volumes of patients undergoing rehabilitation from

lower limb injury

C T M DAVIES and V J SARGEANT
F*vusfrev Unit. Lnmdom

IRecencd 12 July 1%74; revised 23 September 1974]

Santury  Anthropomcti* and X-ray data were collected on

20 young male patients undergoing a systematic programme of
exercise therapy following fracture | the leg and consequent
immobilization for 25 254 .mean 117) days Estimates of total leg
volume, calculated from X-ray or from anthropometric measure
meats, were essentially .nterchangeahle in both the iniured and

qured legs A procedure fo» estimating muscle volume from
total Ieg volume is given

At the start of rehabilitation, muscle volume was signifiesctly

smaller IMO ml. Ih per corn in the injured than in the uninjured
leg By the end of rehab'ti.anoti Imean 50 days) the injured leg
had significantly .nereased by 3*0ml (8 per cenll over its initial
volume, and the uninjured oik: haJ) mcieaied but not significantly
1120ml. 2 per cent), so that the injured leg was soil —I1 gar cent
1*20 ml) smaller than the uniniurcd

The initial degree of atrophy and the period ot SMMOfel
were not significantly correlated, although the latter shovec
negative relationship < ~0051 with the rate ot increase of
volume in the iniured leg No significant correlntunt was
between the rain, of iniured uniniurcd leg volumes tnd
width measurements si | subischwl. at 127cm above tie ===
joint space or at the masurium calf In systematic studies nft
atrophy muscle volume must therefore he estimated eith

'y or by X-ray

The importance of the relationship of limb size and structure to physiological
function has been tv>wn in a number of papers from this laboratory Isee Davies.
1*74. lor general review and Davies and Sargeant. 1*74 a.b) hut no comparable
data i list for putients wi> suffe’ limb tniury

The present paper is concerned with anthropometric studies on patients under-
pomp 1 systematic programme of exercise therapy following fracture of the leg

25 254 days (mean 117 days) at the Jmat

on for
Medn.| Rehabilitation » nil. <hessington
Acne

sectional study was made of 20 patients from 1 to 7* (mean 28) day



























Anthropometry unti lower limb unary

muscle plus bone

(o the techniques described are summarized in table 3 The volume changes which
occur in these patients are largely attributable to changes in the muscle volume
alone, since bone volumes remain constant, although the fat volume measured in
the injured leg is slightly 1170mil but s.gnmcamly (P -0051 larger than in the
uninjured leg at the start of I he effect of i is to reduce
the measured fat volume in the injured leg by 80ml and in ihe uninjured leg by
10ml. It would be most interesting if these differences in the amount of sub-
cutaneous fat reflected genuine .hanges icsulting from the effects of immobiliza-
tion and subsequent esercisc therapy However, ihe changes are admiltedlv small
and the possibility that they are artifacts of the method of measurement cannot
be discounted

Thus although the difference between the iniurcd and uninjured legs at the
start of rehabilitation is only V per cent in terms of total volume, when allowance
ia made for the fat and bone volumes, the difference in muscle volume rises to
16 per cent. As was expected, the muscle volume increased significantly (/# -0-001)
in the injured leg as a result of rehabilitation by 360 ml <8 per cent). Rather more
surprisinglv it was found that the uninjured leg muscle volume also showed a
slight though non significant increase representing 2 per cent of the initial volume,
thus off-setting some of the apparent improvement in Ihe intured leg. so that the
difference at the end of rehabilitation between injured and uninjured leg was still
11 per cent <tf. 16 per cent before* This finding would seem to indicate thut the
immohili/ation of one leg with consequent restriction of normal activities is
sufficient to result in musde atrophy in the uninjured limb It is possible, however,
though less likely, that the rehabilitation programme, including as it does elements
of strength training for both limbs, may may reslt in a hypertrophy of the
uninjured leg muscle above the level prior to injury, and certainly this view is

with the finding of a —6 per cent
in normal subjects iMcMorris and Likins. I*54) as a result of 12 weeks intensive
training (cf. 7 weeks in the present study)

Considering the rate of a percentage of
the initial pre-rehabilitation measurement ifigure 1) the mean rale of improvement
of the injured leg ia —1-2 per cent per 10 days This ale seems largely independent
of the stage of rehabilitation and tlic utc ease in volume appears to be linear with
time Despite a great deal of intersubject variability there is a slight but significant
(P<W)5) negative asvicialion between the rale < muscle volume increase and
the time spent immobilized Ifigure 2). The possible reasons for this association
are complex and may be more psychological rather than physiological arising from
loss of motivation and increasing apathy with Hie length of time taken for Ihe
fracture to achieve satisfactory union, in addition to restricted joint mobility and
muscle adhesions which limit full participation in the exercise therapy programme

Like Patel rl at. <lee>we could find no correlation between the initial degree
of atrophy (whether taken as the first measurement or predicted by backward
eatrapolalion at the end of immobilization) and ihe length of time spent
immobilized, although this period ranged from 25 to 234 days This suggests that
the atrophic response to disuse in man is a rapid phenomenon occurring within
the first few weeks of immobilization

The nature of the muscle atrophy is not clear although it is interesting to note
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