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Summary. The training effect on the human arm flexor was studied by subjecting
5 healthy males. The training was made by isometric maximum contraction, 3 times
(10 seconds/bout) a day, every day except Sunday for 100 days. Ultrasonic photog-
raphy was employed to estimate the cross-sectional area of the muscle.

1. The muscle training of 100 days inecreased the maximum strength by 91.79,
and the cross-sectional area of muscle by 23.0%,.

2. The average values of strength per unit cross-sectional area of muscle increased
from 6.3 to 10.0 kg/em? after 100th day of training at extended position of arm,
from 4.7 to 7.5 kgfem? at flexed position of arm.

3. The increase of maximum strength was associated with the increase in
cross-sectional area and the increase in strength per unit cross-sectional area.
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As was mentioned by several authors, the strength must be closely
related to the cross-sectional area of the muscle. On the other hand,
the values of strength per unit area calculated by these authors are
distributed in a wide range: 11.1 kgfem?® (Franke, 1920), 9.15 kgfem?
(Morris, 1948) and 4 kg/em? (Hettinger, 1961) in the elbow flexors;
6.24 kg/em? (Hermann, 1898) and 3.9 kg/om? (Haxton, 1944) in the
ankle plantar flexors. Most authors had applied the results obtained in
the musele of cadavers to the muscles of living subject for these calcu-
lation.

In the previous study by the present authors, a new method was
introduced by using ultragsonic measurement. The result confirmed by
the preceding study was as follows: 1. The arm strength was fairly pro-
portional to the cross-sectional area of muscle, regardless of age and sex.
2. The strength per unit cross-sectional area of the arm flexor was
6.3 kg/em?® in the average with the standard deviation of 0.81 kgjem?,
when calculated at extended position of the arm. The strength per unit
area was 4.7 kg/em? when calculated at the flexed position of the arm.
3. As to the individual variation, the strength per unit area was distrib-
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uted in a range from 4 kg/em? to 9 kg/em?, when calculated at extended
position of the arm.

The problem is why individual variation of the strength per unit
cross-sectional area is distributed in such a wide range as from 4 to
9 kg/em? in human subjects. The authors conducted this study to find
out the changes in the strength per unit cross-sectional area of the muscle
by muscle training.

Method and Procedure

The ultrasonic photography was used for measurement of cross-sectional area
of the arm flexor muscle at the extended position of the elbow before and after
the regular training. The method was the same as that described in the previous
paper {1968).

The cross-sectional area of the arm was photographed by using an ultrasonic
apparatus (Fig. 1), with which 2 different frequencies (5 and 10 MC) were applied
to ascertain the boundaries among the tissues such as muscle, bone and subcutaneous
fat. As shown in Fig. 2, the 2 traced pictures for the pre- and post-training were
overlapped to measure the difference in their cross-sectional areas of the flexor (4)
and the extensor (B).

An arm dynamometer was used for measurement and training of the flexor
muscle strength. In sitting position, the isometric strength was measured with
maximal effort at right angle of the elbow joint. A belt, 46 mm wide was fixed
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Fig. 1. Ultrasonic photograph of the right upper arm before the training
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Fig. 2. Overlapped picture of the two traced pictures before and after training.
before training, — — — after training. A. difference in the cross-sectional

area of flexor between before and after training (dotted space). B: difference in the
cross-sectional area of extensor between before and after training

on the wrist at the supinated position. The bottom end of the belt and a straingauge
tensiometer were combined with a chain. The highest value in three trials was
adopted as the maximum strength of each individual.

To calculate the maximum strength in the flexor, including m. biceps brachii
and brachialis, the following formula was used: 4 = 4.90 X M where “4” is
maximum strength in the flexor, “M” is the measured strength and 4.90 is a
constant due to the lever ratio of “resistance arm” against “force arm”. X-ray
photographs were taken in 5 boys and 10 adult men to estimate the lever ratio.
The distance between the arm and the X-ray tube was 2 meters. Based on these
measurements, the strength per unit cross-sectional area of muscle was calculated.

Training Schedule

Six healthy male grasuate students, ranged from age 23 to 28, served as the
subjects for this training, including one subject who dropped from the training
after 60th day training. The muscle training for this experimental project was from
July to December in 1968. The subject was asked to contract his right arm flexor
maximally for 10 seconds and repeated 3 times with 1 minute intermissions, once
a day except Sunday. The maximum strength and the cross-sectional area of the
arm were measured after the 20th, 40th, 60th and 100th day of training.

Results

The results were presented in the Table. It was found that the strength
was increased progressively on the trained arm flexor in all subjects. As
shown in the Table and Fig. 3, the average increase of strength was about



M. Ikai and T. Fukunaga:

176

"T00°0> d JO 194 JUBDYIUBIY youy — TO'0>  JO [049] JUBOPIUSIS 4y — "GO0 > J JO [0A9] JurOPIUBLY , — '¢ = N — "H'S F uwoyy

*L'9eT  x6'8TT 6°C1T 70T 08 ToT¢oL 90T €L 70T 39 T (zumo/d]) eore
xxx8'69T  29'FET 00Tt 90T 001 80 T %8 gcoFTL 70T €9 dq yrun god qSuong
*I'GET %G1 T°LOT 06T 3%91  OLT90PT LT T &ggT 0L+ 1931 T {dx)
xael T6T 4@ LPT 4F'8IT STe T 198 &GT T 9981  9%T T ¥'6F1 L6+ 0921 qd UM WNUWIXE]]
0901 1°96 G'G6 ¢0T %08 60 T 881 T'TF 981 Lot g6r1 T (;w0) J0x0Y JO
#xx0'66T  x€'CIT G801 90+ 653 Q0T 618 &1+ 808 70+ ¥'61 d Bol® [RUOIO08-8801))

1oor oy 108 00T 0¥ 1306
Bururen Sururex 939
210394 J0 909 Jod ur esverouy (£ep) porred Sururexy, arojog  1YIng SOINSBOY

DOD [DUON0FS-55040 Jrun 4ad yfpbuaigs pup oposnus fo azis “yYabuaigs uo affe Burwrva, olqe],



Training Effect on Strength Per Unit Cross-Sectional Area of Muscle 177

5 o
£S 9
z¢ 8
e T
S= ol
75 6
5* T
250
a
3
£ 200+
o
&
w150}
heEd
=
2
2 100-
251
,‘, ]
@
s
= E
©
ct
2. 20 Z
3% %
=
U}
o O
6 rd
5 Before 20 L0 80 80 100

Training period (day)

Fig. 3. Cross-sectional area (below), maximum strength (middle), and strength
per unit cross-sectional area {above) of the trained right ( ) and the untrained
left arm flexor (— — —) during 100 days training period

90 per cent after the 100th day of training, which was statistically
signifieant (P < 0.001). On the untrained left arm flexor, the average
increase was about 30 per cent (P < 0.05). On the cross-sectional area
of the trained right aym flexor, any significant increase was not found
at the 20th day of training. At the 40th day of training, however, an
increase of 12.3 per cent was found (P <0.05), and at the 100th day
of training, a significant increase of 23.0 per cent was found (P < 0.001).
On the untrained left arm, no increase was found throughout this
training period. As the result, the strength per unit cross-sectional area
increased on the trained arm in every subject as shown in Fig. 4. The
average values increased from 6.3 to 10.0 kgjem? after 100th day of
training (P <<0.001). The eross-sectional area for the arm flexed was
calculated from the measured girth of upper arm. For this calculation
it was assumed that the cross-sectional area of all the other tissues except
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Fig. 4. Strength per unit cross-sectional area of the trained right (above) and
untrained left arm flexor (below) in each individual during 100 days training period

flexor muscle might be constant in the arm flexed of extended and thus,
the change in the area by flexing arm is only due to shifting in the flexor
muscle mass. The percentage for the tissues except the flexor muscle
was estimated on the ultrasonic photograph taken in the arm extended.
The strength per unit area of the arm flexed was calculated as 4.7 kg/cm?
before training, and 7.5 kg/ecm? after the 100th day of training.

Discussion

The cross-sectional area of muscle can be estimated in two different
conditions for the muscle with and without contraction. As above
mentioned, several authors computed the cross-sectional area of the arm
from the girth without muscle contraction. Morris (1948) calculated the
cross-sectional area of upper arm by excluding subcutaneous fat from
the data of upper arm girth at the largest part, depth, width and four
fat measurements (dorsal, ventral, medial, lateral) in the arm extended.
The approximate area of flexor muscle used in the strength test was
used to be estimated from the cross-sectional area of npper arm except
suboutaneous fat based on the percentage of the flexor muscle in the
upper arm of cadavers. Franke (1920) calculated the cross-sectional area
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of flexor muscle of upper arm at extended position by the following
formula:

Cross-sectional area of the flexor =

. e . Cross-sectional f £l in cad
(Girth of upper arm in living subject)? x ross-sectional area of flexor in cadaver

(Girth of upper arm in cadaver)?

It is necessary to know the lever ratio of elbow flexor in order to get the
strength in the muscle. Wilkie (1950) measured the origines and insertions
for the 5 flexors of the upper arm, i.e., pronator teres, extensor carpi
radialis longus, brachialis, biceps brachii and brachioradialis in living
human subjects by X-ray photograph. He estimated the lever ratio on
the elbow joint axis to be 5.5 in biceps brachii. The lever ratio (4.9) in the
present study was derived from the measurements of the distance between
the elbow joint axis and the insertions of biceps brachii and brachialis.
Franke (1920) used the lever ratio of biceps brachii and brachialis as the
main muscles of elbow flexion to calculate the strength per unit cross-
sectional area of elbow flexor. In the present study, the lever ratio of
elbow flexor was measured on biceps brachii and brachialis, and the
other muscles, such as pronator teres, extensor carpi radialis longus,
and brachioradialis were neglected in the calculation of the lever ratio,
because of difficulty to differentiate in the picture.

Considering these factors, it becores clear that a regular isometric
training resulted in a significant increase in the strength per unit cross-
sectional area of the trained arm flexor. It was concluded that the
scheduled training, extending for 100 days, was effective to increase in
the maximum strength as well as in the size of muscle bundle.

Therefore it may be concluded that two factors primarily contribute
to the development of muscle strength by voluntary effort; one is the
increase in cross-sectional area of the muscle bundle, another is the
increage in nerve discharge to the acting muscles. Of these two con-
tributing factors, it must be more easy to increase the nervous discharge
than the increase in the cross-sectional area of muscle. This idea is based
on an experimental works by Ikai and Steinhaus (1961) and Ikai ef ol.
(1967).

They found that the maximum strength increased as much as about
30 per cent over the ordinary maximum level under the conditions of
“Shout”” by himself or a suggestion in a hypnotic state. In addition to
this result, an experimental work (Ikai et al., 1967) by electrical stimula-
tion over the ulnar nerve through the skin near the elbow joint revealed
that the maximum strength of the thumb adductor was increased by
30 per cent over the ordinary voluntary maximum level of strength. This
experiment by electrical stimulation supports the results obtained by
the preceding work using ‘“Shout” or hypnosis. Putting these studies into
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consideration, it could be likely that the strength per unit area shifted
toward a considerably higher level, even if without any increase of
cross-sectional area of muscle.

As to the strength increase (about 309%,) in the untrained left flexor,
it may be attributed to the irradiation of nervous impulse to the con-
tralateral limbs (Hellebrandt, 1947).

This evidence would give some informations on evaluation of training
effect of muscular strength with respect to the contributing factors of
the muscle tissue and the central nervous system.
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