3 /KC%/?ZCU/ nJ
' (e =x% 7/25

MEASUREMENT AND PREVENTION OF MUSCLE DECONDITIONING ON SKYLAB |

!
William E. Thornton {

John A. Rummel e

Man's body is adapted to living under the constant large forces

vof gravity such that a major portion of it is déﬁicated to locomotion
under and counteraction of these forces. The majority of the body's
voluntary muscle as some of its supporting systems are dedicated to
this function. Muscle requirementsyareAthe driving forces for the
cardiovascular and respiratory systeﬁ and determine their capacity

and céndition. Under weightlessness the recuirements for much of tpe
body's 1-G capacity and function simply disappears. Such reduction

in muscle function reduces cardiovascd}ar requirements. The net result
is disuse of much of the.body's musculoskeletal system and cardio-
respiratory capacity such that atrophy must occur. At this point in
time, this same body when returned to Earth must not only be capéb]e f
of immediately withstanding gravitationg] forces but.is also scrutinized f

medically on the basis of a preflight physical condition which is nor-

mally the best which the individual could achieve.

Thus a major aspect of any comprehensive medical investigation
of the effects of weigﬁt]essness must include eXaminétion of changes
in muscle size and function. ,Further,_if the crew is expected to
_function under 1-G after a long stay in weightlessness, then suitable
exercise in flight must assume the same level of importance as diet

and other primary life support considerations.
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On relatively short missions, say 10-15 daygz the effects of de- |
conditioning can be accepted and this. was done until Skylab. No direct
measurements of muscle function were made on Mercury, Gemini, or Apollo ‘
except for a static }orce measurement of hand grip!. In-flight exercise |
devices were limited to isomet}ics and a bungee with handles on GeminiZ2,
and a commercial rope and capstan arrangement on Apollo, but neithér were
extensively pseﬁ nor was the effectiveness of their usage in prevention-

of muscle deconditioning documented.

The Russians are reported to have made extensive preflight and,
postflight muscle functions measurements and to have performed exten-
sive in-flight exercise on Soyuz,3 but results are unknown to this

author.

A minimum impact, preflight and bostf]ight, muscle function test
was implemented for Skylab. “Additional corollary information on muscle /
'sﬁatusvwas derived from anthropometric measurements and from isotopic
body* compartment measurements. :As a result of these and other studies
and of crew fnputs, exercise devices and time for exercise were added

to Skylab 3 and Skylab 4.

1

2Dietlein, L. F., Gemini Midprogram Conference, NASA SP-121, pp. 393.
~ 3Kakurin, L. I., Medical Research Performed on the Flight Program of the

Soyuz Type Spacecraft, NASA TTF-14, 026,

y
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Muscle function measurements were obtained by an isokinetic -

dynamometer> at a rate of 45°/sec. Ten maximum effort full flexions
and extensions of the dominant arm (elbow) and leg (knee/hip), see
- figure 1, were made and the resulting forces coﬁfinuously recorded
on one channel of a Erush ink-writing oséi]]ograph. An integral of
the force® was ﬁerived'and recorded on the second channel (see figure 2).
Care was taken to ihsure that e]bow\and‘shoulder remained on the table
to prevent additional forces from.sh0u1der rotation. The machine arm
length was adjusted to equal the subject's arm (elbow to palm) length.
“In the flexions and extensions of the right hip and knee, machi H?’a‘.rﬁ{
| length vias set such that the Tower leg was at right angles to the thigh

jmgnm;hehthigh_washin_a_verticalﬁbositjonﬂ_“Ihorough,warmfup”wa§hmade

“prior to all testing.

Preflight and postf1ight calibration was added to each crew record
by placing known weights on the handle -and allowing them to fa]i, under
gravity, from top to bo?tom dead- center using the same rate and arm
length.as used for the crew record. All forces are recorded in terms
of tﬁe calibration force, i.e., the force app]ied to the dynamometer

handle or "shoe".

SCybex I on Skylab 2 and Cybex II on Skylab 3-4, mfg. by Lumex Corp.,
Long Island, NY.

6At a constant speed this integral of force is work.




i ) 4

These measurements were made at'tﬂe times shown in table T.

l! - )
Prime Crew i Preflight Postflight
sL-2 F-18 | . Ré5
SL-3 COF-31 F-21 SR 9

SL-4 F-35. 21 10 Rt1 5 31

This method seems to be the best strength measurement available.
At the speeds used it is comparable’ to the widely used static strength
testing found in the literature®:3 while still allowing the maximum

forces to be measured over.the full range of motion in a few seconds

7Instantaneous‘forces of a slowly moving 1imb are a few percent higher
than the maxiﬁhm isometric force at the séme Timb angles (muscle
length). There is a‘wide1y held misconcept%on Eased on studies of
‘excised muscTe'EiSSUe, and until recently shared by ﬁhéuéuthéf;~u
that maximum forces were an inverse function of the speed of the
muscle contraction. In fact, maximum forces, as recorded are
virtually congtant over the whole ranée of-thé contraction unti]
some 1imiting velocity is reached afﬁér which the force is an '
inverse function. |
8Clarke, H. H., Muscular Strength and Endurance in Man, Prentice
Hall, 1966.
9Physical Fitness Research Digest, Series 4 No. 1, Jan. 1974.

President's Council on Physical Fitness and Sports.
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"Also, fatigue decrements in muscle strength can be measured after a
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few cyc]esfrathef than after many cycles when conventional, fixed, sub-

maximal load dynamometers are used. Further, repetitive maximum efforts

- help insure that a valid sampling has been made.

A large number of calibration and control records were made to

’_ characterize performance of the machine and further demonstrate the-

validity of the test itself. The following statements summarize the
results derived from these tests. Linearity of machine response was
usually within a few percent o?er the calibrated range and any devia-
tion was further reduced by using the calibration figure nearest the
measurement of interest. Speed control was constant within a few
percent. No asymmetry in accuracy of measurement during rotation vs.
counter rogation, e.g., flexion vs. extension, could be detected.

Machine response speed was much higher than any measurement of interest.

While machifie errors were probably plus or minus two to three
percent, there were many potentially large errors from the nature of
the measurement. - Since this method is absolutely dependent upon

voluntary effort, the first and primary question concerns the integrity

- of this effort. In the Skylab crews, integrity of effort is probably

as high as can be obtained. In cases where fear of exacerbating an old

injury or some similar cause prevents such maximum effort, the disability

is usually reported and always obvious from the total record. Such runs

are eliminated or run on the opposite side of the body, if possible.
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There is a tendency to think of muscle strength and enduranée-as

something static or slowly changing ‘in response to marked changes in

- exercise or work habits. This proves not to be the case. This measure-

ment is very sensitive to changes in muscular performance which may

occur in days.

For example, when one attempts to examine the repeatability of

‘this test by performing it daily, there is a rapid and significant

training effect from the test itself unless the subject is already

maximally trained. It cannot be overemphasized that we are not measuring

~isolated muscle forces here, but rather the resultant forces from a

complex servomechanism with very large amounts of negative feedback

(inhibition) from the autonomic nervous system.

After the results of Skylab 2 théfe was a continuing effort to

“improve the effectiveness of exercise available in flight. These

.changes had profound effects on the test results and must be con-

sidered in their analysis.

‘Skylab 1/2 had only the bicycle ergometer (fheoretica]]y capable
of loads to 300 watt min and equipped with a hand crank option) and

"Exergenies" (a rope and capstan arrangement capable of providing high
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forces though unpopular to use). Excebt in the case of the CDR, who
exercised for appreciable lengths of time, both the amount and type of

exercise was inadequate on‘Skylab 1/2.

On Skyiab 3, two additional exercise devices were added. One was
an éxtensive]& modified mass-produced commercial aevice10 designated
MK I (figure-4). It consisted of a robe and a pulley with a rewind
mechanism coupled to a centrifugal brake assembly which produced large
resisting forces once a variable limiting speed was reached, i.e., a
rough approximation of isokinetics. The other device was the MK II,

a set of extensor springs and handles (figure 5). A1l of the crewmen

exercised vigorously on the ergometer and with added arm exercises,

primarily with the MK I exercise device.

An approximation of a treadmill was added to Skylab 4 (figure 6).
It consisted of a Tef]on "walking" surace and a waist belt and shoulder
harness which, ceupled to elastic bungees, provided an equivalent down-

vard force weight of appkoximate]y ]75 pounds.

The crew oh Skylab 4 used the bicycle érgomé{er and arm exercisers
at about the same level as the'Skylab.3 crew but added the treadmill

each day to the fatigue ]imif, typically 10 or 11 minutes.
\ 4

10Mini-Gym, Inc., Ind., MO
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Srity "Amounts'of in- flight erercise are shovin in’ table IT & III.
i et Tab]e 1§ \See f1gures 4 & 5 for 1egend)

1 . Average humber of Repet1t1ons Per Day

Ana1y51s and Interpretat‘od

-

The quant1ty of jata cowta1ned in the records p]us the number

;l‘t. | o 1.. ~:HK I ExercieerA"j 1'77 ;;_. ﬁ" MK II:Exerctser tv
S s A BT C D B _‘.A ‘B oC D E'F @
". SL 1/3 ¢+ 2 V2 9 4—0 308 300 et N 30 17 1. 430 .8 36
: e - ' "'*Performed an add1t1ona1 6. 6 m1ns/day on exerc1ses N "."
; s 1/9 5t 43, 2353253 o.'~ro R S T 1 0 0.0
1 s 1/2 P, _35 8141 0 13.7 0 . .0 0 0 0 0 0 0
. _:-SL 1/4 c i 3o 5-15 3 i'o 14;3'1518.” o ”“‘o 14.5 14,4 7. 4144 0
e SLi4s 7.4 67. 1 57.6 .4 21 0 2.4 24 0 =o o' 0
SL 1/4_P.",; 38.838.7 0 38.138.7 0 18.818.8 18.8 18. 8 18.8 18.8
I
\
1

: iobta1ned make anyth1ng more than pre11n1nary cursory ana]ys1s 1mposs1b1e

at th1s t1me j

Peak force o. EQLh f1ex1on and extens1on.cyc1e 1s taken as repre-
. sentat1ve of forces throughout the cyc]e There 1s a good theoret1ca]
bas1s for th1s with thc arm musc]e record1ngs which are pr1mar11y forces.
B ~of the biceps and tr1ccps brach11 Some queqtlon m1ght be raised over
the va11d1t/ of doing this with the leg wiere a number of muscles
participate in the act1on measured; however, cursory examina-

-tion of the records shows the peak force to be reprcsehtative
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of all forces throughout the range of motion. A plot of such max imum

forces for a preflight and postflight study'from the Skylab 3 mission
is shown in figure 3. The average of the 10 peaks is taken as fhe
"strength" for that‘test. These figures of strength in terms of the
peak force in pounds applied to the handTe or shoe are then plotted
for each function in figures 7 and 8. It is impossible to interprét
the results of Ehese tests without a knowledge of the types and amount
of exercise performed and equal]y'imporiant, the habits and habitus of

the individual must be known.

On Skylab 2 the CDR lost some 30'§ounds in pref]ight conditioning
and launched in excellent conditiqn aﬁd continued a moderately vigorous
use of the bicycle ergometer in flight, including using the hand pedal
mode. In additioh, he-consumed large quantities of "free calories"!!

and conserved weight. In spite of this he suffered large losses in

leg mass and strength, especially extensor (see figures 7 and 8). His

arm extensor functions were protected by hand pedé]]ing the ergometer.
His crewmates ]aunchgd {n good condition but exercised much less and
ate fe]ative]y less and lost more weigﬁt. Postf]ﬁght there was marked
loss %n Sfrength in all segments except tﬁe CDR's arm extensors used

in hand pedalling the ergometer.

YFoods without other nutritional value which were allowed in addition

to the basal diet.
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Exercise time was increased and exercises added for Skylab 3. The-

CDR was in'good Eondition, and the SPT and PLT in excellent condition!Z2,

Exercise time and variety was'greatly increased by all crewmen, but the

exercises were still recognized as being inadequate for trunk and legs.

This was reflected postflight by the excellent preservation of arm

function with reduceq rate 1dss_of leg muscle mass and strength but
with a deficit‘on the order of 20 percéntf Short]y after recovery the
CDR suffered a severe low back strain from a lurch of the ship and
thereby prevented leg measurements but probably demonstrated a hazard

of ioss of back muscle function.

The Skylab 4 CDR was in good condition:preflight while the PLT.
had lost some 30+ pounds and was fn excellent condition.r The SPT, an
excei]ent éthe]ete, elected not to reach his peak prior to 1aunch but
was in good to excellent condition. In flight all crewmen worked as
hard as the previous crew on the existing exercises as well as spending
10-11 minutes/da; on the treadmill in heavily loaded leg exerc%ses.

This was immediately obvious postflight in the crew's ability to walk

and stand as well as from strength measurements.

A summary of the three missions is made .in figure 9 in which the
averages for all crewmen are plotted. A glance at the charts shows

the relative losses between arm and leg. This is not surprising since

maximum forces developed by the arm are (1) much less and (2) the arms

12Excellent condition implies at level of trained distance runner with

minimal body fat.



are used far more in flight not on]y'fér manipulation but also for body
positioning and locomotion. Effects of adding the arm exercise devices
to Skylab 3 and 4 areic]ea#jy shown (losses in arm extensor force on
Skylab 4 was largely in one man). In shbrt,.the loss of arm forces is
slight, of relatively little significance, and can be easily prevented.
Convefse]y,'the loss of large masse§ and forces from the legs cannot be
tolerated. Algﬁ, it cannot be prevented by large amounts of~exercjse

at low force levels. Relatively short durations of heavy loading can

prevent losses as shown by Skylab 4.

Another source of ancillary data fs the various anthropometric
measurementgl~m]hefe‘has_not been time to analyze thesé,data compré-wﬂu
hensively. Thg calculated cross section area of midcalf derived from
M-092 measurements is shown in table III, together with the amounts

and type of exercise and leg extensor strength decrements. These calf

area measurements are‘comblicated by the metabolic losses suffered by
all crews since the gfeat majority of authorities in the field recognize

that metabolic losses are mixed, i.e., both fat and musc]e are lost.

Also tabulated in tablelll are daily average amounts of ergometry
exercise and daily average weight loss. Although these "averages" are
based on samples much too small for statistical validity, they never-

theless correlate well with the strength observations.
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Both leg and afm strength, and hidéa]f crosé section‘area13 losses

were large!in Sk&]ab 1/2. On Skylab 3 there was a sharp drop in arm

losses with appreciable losses in strength and cross section remaining.

The improvement in arm performance can be reasonably attributed to the

added arm exercise devices used while the decreased rate of leg atrophy

could be dgcreaséd fqt or muéc]e loss, but these losses are, in Skylab 3,
proportiona]]y‘less than observed weight losses. Increased exercise
time and some loading of>1egs by.the arm exercises performed undoubtedly
made the differenée in strength and probably also in atrophy. On

Skylab 4 arm losses are little changed, but both the afrophy'and the
strength losses of the leg are sharply redu;ed; the reasonab]e.explana-

tion is the protection afforded by the treadmill.

The szc]e studies on Skylab corroborated what has been fairly

well estab]kshed by previous Earth based studies: namely,

. Disuse atrophy occurs rapidly and results not only in ioss of

strength and endurance but also loss of muscle tissue.

« Muscles require stresses near or at their maximum tension
levels to be able to maintain their level of strength and muscle mass,
i.e., many repetitions at a fraction of the maximum forces will not

maintain muscle strength and mass.

‘13Measured at R+5 days to allow for complete body fluid redistributions.
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« Relatively few repetitions near the muscle's maximum strength

are required to maintain its condition. .

. No one aspect of body conditioning can bp emphasized without
cost to the body's overall function, i.e., cardidvascu]ar conditioning
must be accompanied by general muscular cohditioning and conversely,
if ability to function urder one-g is to be retained after return from

zero-g.

« Joint and skeletai functions are intimately related to muscle

tone and condition.

To plan a logical course for the future, the main effort should be
directed toward further investigations. Some of the priority areas of

concern are:

« To determine losses of muscle mass and muscle function under

conditions of wetghtlessness and the reiationship of this skeletal muscle

loss to cardiovascular condition and to diet. On]z\two of the Skylab 1/2

crewmen were virtually unprotected from muscular deconditioning and only

the Skylab 4 CDR suffered no weight loss.. This implies a need for con-

trolled study with preflight, postflight, and pbssib1y in-flight measure-

ments.

To improve measurement techniques of muscle and associated

systems. A muscle itself is not measured, but rather the force from

|
|



the muscle whose potential maximum force is greatly reduced by a complex

|
neural feedback is the measurement technique used in the Skylab program

at the current state of the art. New techniques are under study which

may allow a nearer approach to a "pure" muscle measurement. At the
same time, the associated nervous system should be investigated by EMG,
stimulation anq transmission.time,studies aﬁd more'attention given to
coordinafed muscular performance. -For'example, simple semiqhantitative

ciné pictures of the crewman's gait preflight and postflight would have

been of great value.

« To understand interrelationships of the muscle system to other
conditioning and deconditioning factdrs affécting other systems, i.e.,
the cardiovascular system. For example, it appears that the condition

l

of leg muscles is associated with orthostatic hypotension. Studies of

vascular compliance of the leg should be related to muscle condition

also.

« To develop more efficient forms of exercise. These are dependent
on exercise devices and, thus, are.a hardware problTem. But, unlike most
previous efforts, the hardware deve]opﬁent must be directed by the
physiological requirements. It must truly be a "total body" device

that stimulates or stresses the fo]]oWing functions.

a. Produce aerobic energy costs which may be continued for

appreciable periods of time to insure cardiovascular conditioning.

",
W
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b. Provide realistic loads for as many of the muscle groups of
the body as possible, but especially leg and trunk muscles.’ Use of this
device should also reta1n typical coord1nated movements such. as walking

or jogging to maintain such coordination.

It may also be desirable to:

.

c. Provide lower body regative pressure or provide some other
method of forcing appreciable quaﬁtities of blood into the lower ex-
tremities separately or in combination with the two functions mentioned

in steps a. and b. (see leg hemodynamics, SecC. 2.17).

In addition, this exercise device .should meet the following opera-
tional reqdirements- be as light and small as possible, especially for
stowage; be 1ndependent of spacecraft systems, i.e., a passive device

if possible; be quantitative; and be safe.

Although these studies were constrained by the smé]] number of
samp]es,'especia11y on Skylab 1/2, by variations in flight protocols
and diets which resulted in significant weight Tosses and a]though
exercise protocol and devices were crude and protect1on incomplete, a
number of conclusions seem evident. These can be summarized simply by
the statement: if man is provided a cértain minimal amount and type.of
diet and exercise, both of which can be realized in practical space-
flight, his musculoskeletal system appears to be capable of sustaining

_spacef]ights of any length practicable at this time.

e e
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