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INTRODUCTION

It is a well-established fact that mammalian skeletal muscle fibres can be classified into
fibre types on the basis of their metabolic and electrophysiological characteristics.
The application of histochemical techniques provides a convenient method of studying
the distribution of these fibre types in tissue sections. The use of one technique in
particular, namely the myofibrillar AT Pase reaction, has proved to be of value since
it most directly reflects the physiological difference between fast and slow twitch fibres.

In this study, a large number of human muscles have been examined with regard
to the respective distribution of fibre types within them, with three main objectives
in view. Firstly, we wished to obtain reliable data on the fibre type constitution of
normal muscles, so that valid comparisons may be made with clinical material in
which it is thought that there may be a significant alteration in fibre type proportions.
The difficulties inherent in obtaining adequate normal material by means of biopsy
are well known. As a result, recourse has often been made to material from subjects
who could not necessarily be regarded as unequivocally normal clinically, otherwise
biopsy would not, as a rule, have been performed. Moreover, the data thus acquired
are limited almost exclusively to the findings in muscles which are commonly biopsied.
Our second objective was to find out whether there was any correlation between
fibre type constitution on the one hand and the well-recognised clinical phenomenon
of selective sparing or affection of particular muscles in the various forms of muscular
dystrophy on the other. In this aspect of the work it was necessary to study many more
muscles than could be obtained by means of biopsy procedures. Thus, both from the
point of view of the extent of the survey and because it was important to adopt the
strictest possible criteria of normality, autopsy material provided the only alternative.
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Our interest lay not only in the numerical distribution of muscle fibres of the two
main histochemical types in the various muscles studied, but alse in their spatial
distribution. It has been shown that the fibres of the normal motor unit occupy a
territory which overlaps with the territories of other motor units of different physio-
logical types, giving rise to the characteristic mosaic pattern of normal muscle
(Edstrom and Kugelberg 1968). In diseases of muscle of neurogenic origin. the suc-
cessive processes of denervation and reinnervation may modify this “chequerboard™
pattern and give rise to groups of fibres of uniform type (Engel 1970). In assessing the
significance of such fibre type grouping in biopsy material. it is important to have
available data on the extent to which such grouping may appear normally in the context
of differing fibre type proportions. The compiling of such data comprises the third
object of this study.

MATERIALS AND METHODS

Samples of muscle were obtained at autopsy from 6 male subjects aged between 17
and 30 years. These subjects had all died suddenly from head injury (3), asphyxia (1),
acute ventricular failure (1) and severe internal abdominal haemorrhage (1). The
survey was limited to subjects of one sex, within a restricted age range, in order to
obtain a group of comparable individuals. Table 1 shows the ages, weightsand heights
of the 6 subjects.

TABLE 1

THE AGES, WEIGHTS AND HEIGHTS OF THE SIX MALE AUTOPSY SUBJECTS

18 6! 183

P.M. number Age (vears) Weight (kg) Height (cm)
1 28 98 183
2 18 78 198
3 20 78 183
4 17 74 183
5 30 82 188
6

Muscle specimens were removed from one side of the body, within 24 hr of death. In
some cases, both superficial and deep parts-of a particular muscle were sampled (see
Table 2), and in several instances specimens were taken from more than one head
within a single muscle. Blocks measuring approximately 1 cm® were frozen in dichloro-
difluoro-methane (Arcton 12) cooled to — 150° C in liquid nitrogen. Cryostat sections
were cut at a thickness of 10 yum and were stained to demonstrate the activity of myoft-
brillar ATPase at pH 9.5 (Hayashi and Freiman 1966). Sections were also stained
with haematoxylin and eosin for histological examination.

Assessment of the muscle samples as regards fibre type proportions was made using
the myofibrillar ATPase preparations. In each sample, three areas were. selected at
random and a total of 200 fibres were counted and classified as Type ['or Type L.
In this study. we did not differentiate between Type I1a and IIb (Brooke and Kaiser
1970) but classified them together as one type. The diameters of the same 200 fibres
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TABLE 2
THE PERCENTAGES OF TYPE I FIBRES IN SAMPLES OF 36 HUMAN MUSCLES OBTAINED FROM 6 MALE ADULTS AT
AUTOPSY
Post-mortem No.
1 2 3 4 5 6
Abductor digiti minimi N.T. 58.0 36.5 56.0 69.5 39.0
Abductor pollicis brevis 70.3 55.5 49.0 78.0 61.0 64.0
Adductor magnus (surface) 73.6 429 50.0 43.7 53.2 57.5
Adductor magnus (deep) 78.5 453 524 68.3 64.0 715
Adductor pollicis 86.0 69.5 72.0 925 83.0 79.1
Biceps brachii (surface) 53.3 34.4 344 49.0 45.0 374
Biceps brachii (deep) 61.0 50.5 37.4 579 56.0 40.5
Biceps femoris 80.5 73.0 54.3 73.4 56.7 63.6
Brachioradialis 59.8 327 27.8 435 45.2 29.5
Deltoid (superficial) 67.6 62.1 479 49.8 43.1 49.1
Deltoid (deep) N.T. 64.5 439 76.8 58.0 61.8
Ist Dorsal interosseus N.T. 64.6 50.0 59.5 61.5 515
Erector spinae (surface) 100.0 57.9 26.7 62.7 50.5 52.6
Erector spinae (deep) 88.6 41.9 34.0 74.6 50.5 39.5
Extensor digitorum 49.0 422 48.4 45.5 56.2 42.5
Extensor digitorum brevis 74.5 46.0 325 375 45.0 36.5
Flexor digitorum brevis N.T. 41.5 40.0 65.0 393 36.5
Flexor digitorum profundus 70.0 443 238 72.0 379 359
Frontalis N.T. N.T. 51.0 75.0 87.5 43.0
Gastrocnemius (lat. head surface) 46.0 45.5 35.2 46.0 37.7 50.7
Gastrocnemius (lat. head deep) 60.0 44,1 433 46.7 53.5 54.0
Gastrocnemius (medial head) N.T. 47.6 493 534 46.9 56.9
Gluteus maximus 71.5 41.2 44.3 68.4 44.1 45.0
[liopsoas 55.0 37.0 40.7 47.0 60.9 54.5
Infraspinatus 55.5 43.1 34.6 54.0 39.0 45.8
Latissimus dorsi 65.5 55.9 43.5 60.0 35.5 42.5
Orbicularis oculi N.T. 21.0 14.0 235 18.0 0.5
Pectoralis major (clavic head) 57.3 393 319 46.5 45.5 33.0
Pectoralis major (sternal head) 60.7 292 27.4 57.5 44.6 39.5
Peroneus longus 76.4 57.5 49.0 63.0 69.8 59.5
Rectus abdominis 56.2 46.6 31.6 51.0 36.0 558.5
Rectus femoris (lat. head surface) 28.2 314 215 38.6 357 215
Rectus femoris (lat. head deep) 443 40.2 34.1 524 42.5 38.6
Rectus femoris (medial head) N.T. 332 443 48.1 385 50.0
Rhomboid 61.9 385 433 475 45.0 31.2
Sartorius 59.5 483 38.5 51.9 60.5 39.0
Soleus (surface) 100.0 69.8 86.2 83.0 81.0 98.5
Soleus (deep) 100.0 87.5 90.6 77.0 83.0 96.0
Sternomastoid 46.5 37.0 30.1 258 324 392
Supraspinatus 72.0 46.0 41.4 85.0 64.5 46.9
Temporalis N.T. 49.7 59.5 51.0 30.5 41.5
Tibialis anterior (surface) 80.5 79.0 57.6 70.0 85.6 67.6
Tibialis anterior (deep) 76.4 73.5 68.3 76.0 71.5 64.5
Trapezius 77.5 54.0 274 75.5 38.6 49.3
Triceps (surface) 58.2 31.0 20.0 375 340 14.5
Triceps (deep) 47.5 325 30.7 46.5 22.5 16.5
Vastus lateralis (surface) 455 338 41.4 49.8 233 329
Vastus lateralis (deep) 46.5 49.0 42.9 63.4 39.5 40.0
Vastus medialis (surface} 478 47.0 383 320 49.0 483

Vastus medialis (deep) 79.0 57.0 56.1 66.0 575 53.5

N.T. :Not taken.
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in each sample were also measured; the data on fibre measurements forms the
subject of a subsequent paper (Polgar, Johnson, Weightman and Appleton 1972).

In order to assess the amount of fibre type grouping in the samples. we adopted
the method of Jennekens, Tomlinson and Walton (1971) who originated the idea of
counting “enclosed” fibres in muscle specimens. “Enclosed” fibres are defined as those
fibres which are completely surrounded by fibres of their own histochemical type.
Since the packing of muscle fibres in fasciculi approximates to a hexagonal lattice
array, it follows that on average 7 fibres of one type are required in order to give one
“enclosed” fibre (see Fig. 1). If more fibres of the same type are added to such a group,
it is clear that proportionally more fibres will be “enclosed” relative to the total
number in the group. It is also clear that the number of “enclosed” fibres of any one
type will tend to rise as the proportion of that fibre type in the sample rises. However.
it has been shown recently, in rabbit and guinea pig muscle, that the fibres of some
motor units are not randomly dispersed (James 1971). It was held to be possible,
therefore, that the number of “enclosed” fibres might not be solely dependent upon
the numerical proportion of that fibre type in the sample. Instead, it could be suggested
that the spatial organisation of motor units might differ in two muscles which had the
same fibre type proportions so that there was more uniform fibre type grouping and
hence more “enclosed” fibres in one than in the other, In order to determine statistically
whether there was any evidence of this sort of difference in organisation in the large
number of muscles studied, a hypothetical model was devised for purposes of compari-
son. In the model situation, it was assumed that the arrangement of individual fibres
conformed to a hexagonal lattice and that the spatial distribution of the fibres of the
two histochemical types was random. On this basis, the expected number of “enclosed™
fibres was calculated for a complete range of fibre type proportions. These data formed
the basis for the assessment of any significant differences in the actual samples studied.

Fig. 1. A schematic representation of skeletal muscle as a hexagonal lattice showing twe fibre types. “En-
closed” fibres (*) are those which are completely surrounded by fibres of their own fibre type.



DISTRIBUTION OF FIBRE TYPES IN 36 HUMAN MUSCLES 115

TABLE 3
VARIABILITY OF TYPE 1 FIBRE PROPORTIONS BETWEEN THE SIX AUTOPSY SAMPLES OF INDIVIDUAL SKELETAL
MUSCLES
Degrees Degree
Muscle s of of
freedom significance
Abductor digiti minimi 61.47 4 * ok ok
Abductor pollicis brevis 45.98 S oKk
Adductor magnus (surface) 52.57 5 oo
Adductor magnus (deep) 66.66 5 * ok ok
Adductor pollicis 47.57 5 *ox ok
Biceps brachii (surface) 27.87 5 * ok %
Biceps brachii (deep) 38.57 5 *oE ok
Biceps femoris 50.54 S * ok ok
Brachioradialis 66.33 5 ok X
Deltoid (surface) 37.48 5 * oo
Deltoid (deep) 48.79 4 * ok
1st Dorsal interosseus 13.58 4 *
Erector spinae (surface) 238.66 5 * ok ok
Erector spinae (deep) 197.74 5 * ok ok
Extensor digitorum 11.31 S *
Extensor digitorum brevis 93.24 S * ok ok
Flexor digitorum brevis 43.79 S * ok o
Flexor digitorum profundis 156.46 5 * ok ok
Frontalis 111.50 3 * X
Gastrocnemius (lat. head surface) 14.64 5 *
Gastrocnemius (lat. head deep) 17.79 5 * o
Gastrocnemius (medial head) 5.97 4 Not sig.
Gluteus maximus 77.28 5 ok ox
[liopsoas 34.60 5 * ok ok
Infraspinatus 27.74 5 *ox oK
Latissimus dorsi 55.28 5 * ok ok
Orbicularis oculi 50.26 4 * X
Pectoralis major (clavic head) 39.56 5 Kok ok
Pectoralis major (sternal head) 82.74 S *oxox
Peroneus longus 43.28 5 *ox
Rectus abdominis 44.55 5 * ok ok
Rectus femoris (lat. head surface) 25.51 5 * ko
Rectus femoris (lat. head deep) 16.25 5 *
Rectus femoris (medial head) 16.42 4 *
Rhomboid 47.54 5 ok ok
Sartorius 38.04 5 * ok ok
Soleus (surface) 113.35 5 * ok
Soleus (deep) 72.73 5 * ok
Sternomastoid 24.73 5 *ox ok
Supraspinatus 125.92 5 ¥Rk
Temporalis 38.65 4 *oE ok
Tibialis anterior (surface) 55.95 5 * ok ok
Tibialis anterior (deep) 13.81 5 *
Trapezius 161.65 5 ¥k ox
Triceps (surface) 112.65 5 * ok Ok
Triceps (deep) 70.93 5 *ok ok
Vastus lateralis (surface) 41.85 5 * ok
Vastus lateralis (deep) 3242 5 *ox K
Vastus medialis (surface) 20.11 5 *ox
Vastus medialis (deep) 38.68 5 * ok ok

Significance levels for 5 degrees of freedom:

p 005 0.01 0.001
¥ 11070 15.086 20.517

* * % %k ok
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TABLE 4

THE 9500 CONFIDENCE LIMITS FOR MEAN FIBRE TYPE PERCENTAGE IN YOUNG MALE ADULY SUBJECTS

With95 ", confidence the true

Mean %, Meun %, mean “, will lie between

type I type 11

fibres fibres for type f for type 11

fibres fibres
Abductor digiti minimi S1.8 48.2 346 720 30 634
Abductor pollicis brevis 63.0 37.0 521 739 262 479
Adductor magnus (surface) 53.5 46.5 416 . 654 346 384
Adductor magnus (deep) 63.3 36.7 503 763 237
Adductor pollicis 80.4 19.6 71.3 893 10.6
Biceps brachii (surface) 423 377 339 50.7 49.3
Biceps brachii (deep) 50.5 49.5 40.5  60.3 39.3
Biceps femoris 66.9 331 56.0 778 2220 440
Brachioradialis 39.8 60.2 300 526 474 730
Deltoid (superficial) 533 46.7 434 632 36K 567
Deltoid (deep) 61.0 39.0 462 757 242 338
1st Dorsal interosseus 574 42.6 514 634 36,6 48.6
Erector spinae (surfacc) 58.4 41.6 333 R3S 16,5 66.7
Erector spinae (deep) 54.9 45.1 320 778 222 684
Extensor digitorum 473 527 41.8 52 47.2 5%2
Extensor digitorum brevis 453 54.7 293 613 387 706
Flexor digitorum brevis 4.5 35.5 336 554 446 664
Flexor digitorum profundis 473 527 269 678 322 732
Frontalis 64.1 35.9 312 970 . 3.0 688
Gastrocnemius (lat. head surface) 438 56.5 374 496 504 626
Gastrocnemius (lat. head deep) 50.3 49.7 433 572 428 367
Gastrocnemius (medial head) 50.8 49.2 456 36.0 440 344
Gluteus maximus 524 47.6 36.1 6638 332 619
[liopsoas 49.2 50.8 39.5 - 588 412 605
Infraspinatus 453 54.7 367 340 46.0 633
Latissimus dorsi SOLS 49.5 382 628 373 618
Orbicularis oculi 154 84.6 4.1 267 733 959
Pectoralis major (clavic. head) 423 577 322 523 477 678
Pectoralis major (sternal head) 431 56.9 285 578 422 743
Peroneus longus 62.5 37.5 525 726 274 475
Rectus abdominis 46.1 539 354 569 431 646
Rectus femoris (lat. head surface) 29.5 70.5 220 370 630 780
Rectus femoris (lat. head deep) 42.0 58.0 356 485 S15 644
Rectus femoris (medial head) 42.8 57.2 4.1 515 485 659
Rhomboid 44.6 354 337 553 44.7  66.2
Sartorius 49.6 504 39.6 597 403 604
Soleus (surface) 86.4 13.6 745 984 L6 253
Soleus (deep) 89.0 1.0 80.2 979 2. 198
Sternomastoid 352 64.8 275 428 7.2 725
Supraspinatus 593 40.7 41.1 775 225 389
Temporalis 46.5 53.5 329 601 399 67.1
Tibialis anterior (surface) 734 20.6 626 841 159 374
Tibialis anterior (deep) 727 273 672 781 219 328
Trapezius 337 46.2 328 746 254 (f«’.l
Triceps (surface) 325 67.5 165 48.6 514 835
Triceps (deep) 327 19.6 458 342 542 804
Vastus lateralis (surface) 378 67.3 19.6 458 32,0 723
Vastus lateralis (deep) 46.9 531 375 562 438 625
Vastus medialis (surface) 43.7 56.3 36.4  51.1 489 - 636
61.5 385 Sty TS 28,3 483

Vastus medialis {deep)
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RESULTS

1. Fibre type constitution

The results shown in Table 2 list the percentages of Type I fibres in the 6 autopsy
samples of each of the 36 muscles studied. Because more than one site was sampled
in some cases, a total of 50 sample sites was arrived at, though in a few isolated
instances, particular muscle samples were not obtainable. A chi-square test (Brandt-
Snedecor) was used to compare the post-mortem samples in terms of fibre type
proportion. The results of these tests are given in Table 3, together with the corre-
sponding significance levels. It can readily be seen that in 41 out of the 50 sets of muscle
sample there is a highly significant difference between samples taken from the different
subjects. It is apparent from Table 2 that the difference cannot be attributed to the
fact that any one subject is aberrant when compared with the others. Rather, the diffe-
rences arise as a result of an inherently wide variation in the fibre type proportions

TABLE 5

COMPARISON OF FIBRE TYPE PROPORTIONS IN SUPERFICIAL AND DEEP AREAS OF CERTAIN SKELETAL MUSCLES

No. of post-mortem subject

1 2 3 4 5 6
* % % * * ::
Adductor magnus ns. n.s. n.s. S>D S>D S>D
) * ok %k *
Biceps brachii n.s. S>D n.s. ns. S>D n.s.
. * ok % * ok * ok
Deltoid n.s. .. ns. S>D S>D S>D
) * % % * ¥ * K * %
Erector spinae DS D>S n.s. S>D n.s D>S
) * % * %
Gastrocnemius (lat. head) S=D n.s. n.s. ns. SsD n.s.
. * ¥ % * ok * ok * ¥ %k
Rectus femoris (lat. head) S>D ns. S>D S>D ns. S>D
k% ok
Soleus ns. S>D n.s n.s n.s n.s
Tibialis anterior ns. n.s. S >*D n.s. D *>S ns.
) * * *
Triceps D>S n.s. S=D ns. D>S LS.
* ok * %k * X *
Vastus lateralis n.s. S=D n.s. S>D SsD n.s.
L * % % * * % % * %k ok
Vastus medialis S>D S>D $sD S>D ns. ns.

S>D = Significantly more Type I fibres in surface area than in deep area of muscle.
D >S = Significantly more Type II fibres in deep area than in surface area of muscle.

ns. = No significant difference between surface and decp areas.
* p< 0.05.
*x p< 0.01.

**x - p< 0.001.
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within the same muscle in a group of subjects whom we would expect to be compara-
ble. In this small group it was impossible to draw any conclusions as to the influence
of either age or physical build on the fibre type constitution of the skeletal muscles.
Clearly. it would be of interest to investigate the possibility that fibre type proportions
may vary with age or as a result of differences in occupation. It is also possible that
there may be a significant difference in fibre type proportions between mate and female
subjects, since Brooke and Engel (1969) have shown a sex difference in the relative sizes
of the two main fibre types. Until these questions have been answered, we would con-
sider it safer to use data on mean fibre type proportions to compare only subjects
matched for age and sex.

Table 4 sets out the approximate 95 % confidence limits for the mean fibre type per-
centages in the case of both Type I and Type Il fibres. This treatment of the data
provides a convenient basis of comparison of routine biopsy material. It can be seen
that the variance in fibre type proportions of the individual muscles- differs widely.
Several reasons for this may be suggested. Firstly, in large muscles with complex
physiological functions, the problem of sampling error will be greater than in smatler
and less complex muscles. Also, in the case of muscles receiving their innervation from
different segmental nerves, the chance of significantly different fibre type proportions
occurring in different areas of the same muscle will be increased. In this study, every
effort was made to minimise sampling error by taking muscle specimens from exactly
the same site at each autopsy.

In several muscles, samples were taken from both superficial and deep sites, and
in the case of gastrocnemius, pectoralis major and rectus femoris, samples were taken
from both heads of the muscle. The specimens thus obtained have been compared in
order to give some indication of the variation to be expected within individual muscles.
The results of these comparisons are given in Tables 5 and 6. It can be seen that a
significant difference in fibre type proportion between deep and superficial areas of
the muscles thus sampled is not a constant finding, but where it does occur it is most
frequently due to the fact that the superficial area contains a higher proportion of

TABLE 6

COMPARISON OF FIBRE TYPE PROPORTIONS IN DIFFERENT HEADS OF 3 SKELETAL MUSC LES

No. of post-mortem subjeci

! 2 3 4 5 5
Gastrocnemius n.s n.s " ns s s
(lateral head vs. medial head) - o L>M -
Pectoralis major ) *
(clavicular head vs. sternal head) s C=8 s =8 0 s
Rectus femoris * ok s * ok ok * o * oA
(lateral head vs. medial head) L>M - L>M L>M T LM

All muscle samples in this table were taken from the surface of the muscle.
L >M = Significantly more Type II fibres in lateral head than in medial head.
C>S = Significantly more Type Il fibres in clavicular head than in sternal head.

n.s. not statistically significant.
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Type 11 fibres (see Table 5). Similarly, there was no consistently significant difference
in the fibre type proportions of samples taken from different heads of gastrocnemius,
pectoralis major or rectus femoris (see Table 6).

2. Fibre type grouping

In the theoretical model of muscle fibre distribution, it was assumed that the fibres
of each fibre type were randomly arranged. Thus the probability that a fibre at a
given locus will be, say, a Type I fibre, can be expressed as a function of p, the propor-
tion of Type I fibres in the sample. It follows, therefore, that the probability ofa Type 11
fibre occurring at a given locus in the same sample will be 1-p. The probability of a
Type I being “enclosed” by 6 other Type I fibres will be p®, so that in a sample of N
fibres the expected number of Type [ “enclosed” fibres will be Np”. For small values
of p a Poisson approximation can be used to calculate the expected number of “en-
closed” fibres and its standard deviation; for larger values of p the Normal approxi-
mation may be used. As the number of “enclosed” fibres is binomially distributed, the
standard deviation is Np’(1-p®).

TABLE 7

THE RELATIONSHIP BETWEEN THE OBSERVED NUMBER OF MUSCLE FIBRES OF A PARTICULAR FIBRE TYPE AND THE
EXPECTED NUMBER OF “ENCLOSED’’ FIBRES OF THE SAME TYPE

Number of Number of “enclosed” 99.9%

fibre type fibres of that type + Confidence limits
observed expected

0 0.0 0.0

20 0.0 0.0

40 0.0 0.3

60 0.0 0.7

80 0.3 20

100 1.6 4.0

120 5.6 7.6

140 16.5 12.5

160 41.9 18.4

170 64.1 20.7

180 95.7 22.1

190 139.7 20.1

195 167.5 16.1

200 200.0 0.0

Table 7 sets out the expected number of “enclosed” fibres for a complete range of
fibre type proportions, taking N =200, the actual number of fibres examined. From
this table it is apparent that comparatively small numbers of enclosed fibres of a given
fibre type are to be expected until the percentage constitution of that fibre type rises
above 70 ;. From this point onwards, there is a steep rise in the expected number of
“enclosed” fibres until, of course, this reaches 1002/ in a muscle sample consisting
solely of that particular fibre type.

The actual number of “enclosed” fibres observed in any one sample was compared
with the number expected in a hypothetical sample of identical fibre type constitution
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TABLE &

COMPARISON OF OBSERVED NUMBER OF “ENCLOSED™ FIBRES WITH THE EXPECTED NUMBER OF. ~“ENCLOSED

number

ictor digiti minimi
ictor pollicis brevis
ictor magnus (surface)
ictor magnus (deep)
ictor pollicis

»s brachii (surface)
»s brachii (deep)

»s femoris
aioradialis

»id (surface)

»id (deep)

lorsal interosseus
‘or spinae (surface)
‘or spinae (deep)

1sor digitorum

asor digitorum brevis + + + + +

or digitorum brevis
or digitorum profundis
talis

rocnemius lat. head
irface)

rocnemius lat. head
sep)

rocnemius medial
ad

eus maximus
soas
spinatus
ssimus dorsi
cularis oculi

oralis major
wicular head

oralis major sternal
ad

meus longus

Type 1

1 2 3 4

o

+++ +

NT
NT + -

+ o+t
NT

NT

NT

NT

FIBRES

Type i1

6 1

[
"
-

NT

NT

NT + + + o+

e

+ b 44+ b
NT

NT NT

(continued)
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SLE 8 (contd.)

Type I

:us abdominis

tus femoris
t. head (surface)

tus femoris lat. head
eep)

tus femoris
cdial head NT

mboid -

orius ++ +

:us (surface) + ——
:us (deep)

nomastoid +
raspinatus

1poralis

ialis anterior (surface) +
alis anterior (deep)

pezius

:eps (surface) -

:eps (deep)

tus lateralis (surface)

tus lateralis (deep)

tus medialis (surface)

tus medialis (deep)

NT

++

121

=observed number enclosed fibres lower than expected p< 0.05.
= observed number enclosed fibres lower than expected p< 0.01.

- — =observed number enclosed fibres lower than expected p< 0.001.
=observed number enclosed fibres higher than expected p < 0.05.
= observed number enclosed fibres higher than expected p< 0.01.

- + = observed number enclosed fibres higher than expected p< 0.001.

=sample not taken.

as the sample under scrutiny. Figs. 2 and 3 express graphically the results of the compa-
rison of observed and expected “enclosed” fibre numbers which are set out in detail
in Table 8. In those muscle samples where significantly high numbers of “enclosed”
fibres occur, it can be concluded that the degree of grouping of fibres of uniform fibre
type is greater than would occur in a randomly distributed population. One muscle in
particular stands out in this respect, namely. extensor digitorum brevis. This muscle
contained a significant amount of uniform fibre type grouping in samples from all the
subjects (p< 0.001 in 4 out of the 6 subjects). In some cases, both fibre types showed
evidence of grouping; in others, only one fibre type was involved. Abductor pollicis



122 M. A. JOHNSON, J. POLGAR, D. WEIGHTMAN, D. APPLETON
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Fig. 2. The relationship between the number of enclosed Type I fibres and the total number of Type I fibres

observed. The shaded area shows the formal 99.9 % limits about the mean expected enclosed. fibres. The

only muscle which is above the limit more than once is extensor digitorum brevis which appears 4 times
out of 6 post-mortem specimens.

brevis, 1st dorsal interosseus and flexor digitorum profundus showed less consistent
evidence of fibre type grouping. In the other muscles, it was either extremely sporadic
or non-existent. There was no suggestion that any individual subject showed signifi-
cantly more instances of uniform fibre grouping than any other.

In those muscle samples where significantly low numbers of “enclosed” fibres were
recorded, it would seem reasonable to conclude that the degree of dispersion of fibres
of that fibre type is greater than would occur ifthe population were randomlydistribut-
ed. However, the method employed is less suitable for detecting evidence of this than
for detecting fibre type grouping. In the vast majority of cases it was found that there
was no significant difference between the observed and the expected number of “én-
closed” fibres, which would strongly suggest that in most normal muscles the two main
fibre types are in fact randomly dispersed.

3. Fibre type constitution of muscle selectively affected in the muscular dystrophies

One of the objectives of this study was to examine the possibility that the extent
to which individual muscles are affected in dystrophic processes might in some way
be influenced by their fibre type composition. For example, there is evidence that myo-
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Fig. 3. The relationship between the number of enclosed Type II fibres and the total number of Type II

fibres observed. The shaded area shows the formal 99.9 % limits about the mean expected enclosed fibres.

The only muscle which is above the limit more than once is extensor digitorum brevis which appears 4 times
out of 6 post-mortem specimens.

tonic dystrophy involves a selective atrophy of Type I fibres (Engel 1970), and for
this reason it could be argued that muscles with a high proportion of Type I fibres
might be most severely affected. In Duchenne dystrophy, however, there is no such
evidence of the particular involvement of one fibre type, yet the phenomenon of
selective sparing of muscles is just as apparent as in myotonic dystrophy.

Table 9 lists those muscles which are usually selectively affected or spared in
Duchenne dystrophy and myotonic dystrophy, together with their respective percen-
tage constitutions of Type I fibres as measured in this study. In general, the order in
which the muscles are listed reflects the order in which they are affected in the disease,
though naturally there is some variation between individual cases.

From this Table it is immediately obvious that there isno simple correlation between
the fibre type composition of individual skeletal muscles and their being affected or
spared in either Duchenne dystrophy or myotonic dystrophy. There is some suggestion
that the overall tendency is for muscles with high Type II fibre percentages to be more
severely affected in Duchenne dystrophy, but tibialis anterior, for instance, with its
very low percentage of Type II fibres, is an obvious exception to this. In spite of its
apparent predilection for Type I fibres, there was no evidence to show that myotonic
dystrophy selectively affects muscles with a high proportion of that fibre type.
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TABLE 9

THE RESPECTIVE PERCENTAGES OF TYPE I FIBRES FOUND IN THOSE MUSCLES SELECTIVELY INVOLVED EARLY
(ACCORDING TO CLINICAL EXAMINATION) IN DUCHENNE DYSTROPHY AND MYOTONIC DYSTROPHY. AND IN
THOSE RELATIVELY SPARED

Affected early Tyf’ ¢ ! Relatively spared ! ‘f el

Duchenne dystrophy

(Upper limb) (Upper limb}
Pectoralis major 423 Deltoid-surface 53.3
Biceps brachii-surface 423 deep 60.9
-deep 50.5 Infraspinatus 453
Brachioradialis 39.8 Adductor digiti minimi 51.8
Triceps—surface 323 Adductor pollicis brevis 629
—deep 327 1st Dorsal interosseus 57.4
(Lower limb) {Lower limb}

Vastus medialis—surface 43.7 Gastrocnemius-lat. head surface 435
~deep 61.5 -lat. head surface 50.3
Vastus lateralis -surface 37.8 -medial head 50.8
-deep 46.9 Soleus—surface 86.4
Tibialis anterior 73.4 deep 89.0

Peroneus longus 62.5

Adductor magnus-surface 53.5

-deep 63.3

Myotonic dystrophy

Temporalis 46.5 Extensor digitorum brevis 45.3
Sternomastoid 35.2 Flexor digitorum brevis 44.5
Flexor digitorum profundus 47.3 Adductor digiti minimi SL.8
Extensor digitorum 473 Adductor pollicis-brevis 62.9
Tibialis anterior-surface 734 st Dorsal interosseus 57.4

—deep 72.7

Peroneus longus 62.5

Gastrocnemius-lat. head surface 435

—lat. head deep 50.3

~medial head 50.8

DISCUSSION

Although there have been several recent studies concerning the relative sizes of the
two main fibre types in human skeletal muscle, comparatively little attention has been
directed towards the assessment of the numerical ratios of these fibre types. Certainly.
no previous study has had as its main objective a systematic analysis of this parameter
in a wide range of human muscles. From the wealth of data thus accumulated, it was
thought that some correlation between fibre type constitution and function might
emerge, as has been the case in studies of the fast and slow twitch muscles of small
mammals. However, from the outset one is only too well aware of the complexity. of
human musculature, and the fact that anatomical complexity is seldom fortuitous
but develops in response to a functional demand. Thus in very few instances can one
simple function be assigned to a particular musele. Far more frequently, muscles fulfil
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Fig. 4. Adductor pollicis from post-mortem No. 4 (myofibrillar AT Pase preparation, x 150). Note the large
number of enclosed Type I fibres, which is nevertheless within normal limits for a muscle with ¢. 80°,
Type I fibres.

both a postural function involving tonic activity and also participate in movements
involving phasic activity.

However, it has been found that muscles with an almost exclusively postural func-
tion, such as soleus and, to a lesser extent, tibialis anterior, have particularty high pro-
portions of Type I fibres {c. 879 and 739, respectively) which was in accordance with
expectation. The similarly high percentage (c. 80 %) of Type I fibres in adductor pollicis
(see Fig. 4) may well be explained on the basis of its function of sustained contraction
in the act of gripping.

At the other end of the scale, as far as fibre type constitution is concerned, are found
the orbicularis oculi, sterno-mastoid, triceps and the lateral head of rectus femoris.
Since the act of blinking is perhaps the best example of a phasic activity, the high
proportion of Type II fibres in orbicularis oculi was to be expected. The function
of the triceps in the predominantly phasic activity of extending the forearm is well
enough established and the high proportion {67.5%;) of Type II fibres was to be
expected in this muscle also. Similarly, the sterno-mastoid, controlling the more
delicate and precise of the movements of the head, has little postural function and its
high Type II fibre constitution reflects this. More surprisingly, an even higher propor-
tion (c. 709;) of Type II fibres was found in the superficial region of the lateral head of
the rectus femoris (see Fig. 5). However, it is likely that the function of assisting the
iliopsoas to support the pelvis on the femur is performed mainly by the medial sector of
this muscle, and the lateral sector is primarily involved in the flexion of the femur and
extension of the knee.
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Fig. 5. Rectus femoris (lateral head) from post-mortem No. 2. (myofibritlar ATPase preparation, x 150).
Note the close adherence to a hexagonal lattice array in some arcas of the séction. The mean Type 11
fibre percentage is ¢. 709 for this muscle.

The vast majority of the muscle samples had between 40%;, and 70%, of Type 1
fibres, and in comparatively few muscles was there a striking predominance of either
fibre type.

The large variation in fibre type percentages between different autopsy samples of
individual muscles has already been discussed. Brooke and Engel (1969) found aneven
wider variation in their study of biceps brachii and vastus lateralis, perhaps because
their series included a wider range of ages and some subjects who had previous histo-
ries of neuromuscular disease. Nevertheless, in the casc of male subjects, the mean per-
centage of Type I fibres for both vastus lateralis and biceps brachii approximated to
37.59, (ratio of Type I: Type 11 fibres =0.6). This agrees quite closely with our values
of ¢. 389 for vastus lateralis and ¢. 42 % for biceps brachii. The samples obtained by
Brooke and Engel were all from biopsy material and hence have been assumed to be
most directly comparable with our samples of the superficial areas of these muscles.
In the case of the female subjects studied by Brooke and Engel, there was a definitely
greater proportion of Type I fibres in biceps brachii as compared with the-male sub-
jects, whereas female vastus lateralis tended to have a smaller proportion of Type I fi-
bres than in the male. The classification of their subjects into groups of similar clinical
status rather than into similar age groups precluded any comment as to the possible
influence of age on fibre type proportions, but re-examination of their data with this
point in mind failed to detect any such influence in their series. However. it has been
shown recently (Moore, Rebeiz and Holden 1971) that the average fibre diameter in a
range of muscles underwent a gradual but steady increase until the late third or early
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fourth decade, thereafter slowly diminishing in size through middle and old age.
Until reliable data exist to prove or disprove such an effect of age on fibre type
constitution, we consider it safer to use data on mean fibre type for age and sex.

In the part of the present study which was concerned with the spatial distribution
of the two main fibre types, we hoped to gain greater insight into the organisation
underlying the familiar “chequerboard” appearance of muscle sections. In order to do
this, the actual muscle samples have been compared with a mathematical model to
test the hypothesis that the distribution of the fibre types was random. In the great
majority of cases this was in fact found to be so, since there was no significant difference
in the number of “enclosed” fibres actually observed and the numbers predicted on
the basis of the “hexagonal lattice” model.

There are many difficulties in formulating a mathematical model of a biological
situation. In this particular instance it is evident that the model is not a strictly accurate
one since the arrangement of the muscle fibres themselves inevitably sometimes departs
from the hexagonal lattice of the model. Also, it was necessary to count fibres outside
the region whose fibre type proportion was calculated, in order to determine whether
a fibre on the edge of the region is enclosed. Thus the possibility arises that the fibres
involved may have a slightly different fibre typc proportion p from that noted which
may materially alter the expected number of “enclosed” fibres. If these extra fibres have
a proportion of only 0.1 different from the ones counted, the difference in expectation
of the number of “enclosed” fibres is of the same order as the standard deviation. These
inaccuracies make the technique slightly over-sensitive. However, it has the virtue
of providing a simple and objective method of assessing whether the fibre type distri-
bution in any muscle sample is random or not. In this respect, it has proved to have
some predictive power, since it singled out extensor digitorum brevis as being the one
instance of a muscle with a consistently non-random spatial distribution of fibre types.

In a study of this particular muscle in subjects whose ages ranged from 2 months to
over 80 years, it has been shown that while a normal mosaic pattern apparently exists
in early childhood, definite instances of uniform fibre type groupings have been record-
ed within the first decade of life (Jennekens, Tomlinson and Walton 1972). The occur-
rence in apparently normal older subjects of the characteristic features of denervation
atrophy in this muscle has led to the adoption of the view that the muscle is particularly
prone to recurrent cycles of denervation and re-innervation from a comparatively
early stage of life. In the present study, unequivocal evidence of grouped denervation
atrophy was noted in the 2 oldest subjects. Since groups of fibres of uniform type were
seen in all the subjects, it is likely that the process of re-innervation can keep pace with
that of denervation in younger persons. Isolated instances of grouped fibre atrophy
were also noted in abductor pollicis brevis and Ist dorsal interosseus, two muscles in
which there was also an excess of uniform fibre type grouping as reflected in the ab-
normally high number of “enclosed” fibres in some samples. The mathematical
model thus seems to provide a means of quantitating the histological consequences
of denervating processes.

In young adults, the spatial distribution of the different fibre types appears to be
random in the great majority of muscles. The special case of extensor digitorum brevis
and, to a lesser extent, abductor pollicis brevis, however, leads one to question whether
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increasing age might not similarly affect othermuscles. It might be expected that distal
muscles would be particularly susceptible to sub-clinical neuropathic conditions of
the “dying-back” variety. However, in this study it is of interest to note the lack of fibre
type grouping in flexor digitorum brevis as compared with extensor digitorum brevis,
and in adductor pollicis as compared with abductor pollicis brevis, which are pairs
of muscles situated approximately equidistant from the segment of the spinal cord
supplying their nerves.

The question of sub-clinical pressure or entrapment neuropathies operating in
the same way to modify the spatial distribution of fibre types is a possibility inthe case
of abductor pollicis brevis since it is supplied by the terminal branch of the median
nerve which is affected in the carpal tunnel syndrome. Compression of the ulnar nerve
is also common, especially at the elbow, and this could affect the 1st dorsal.interosseus
muscle. Similarly, it was suggested by Jennekens et al. (1972) that the lateral terminal
branch of the deep peroneal nerve supplying extensor digitorum brevis might be
compressed intermittently at its entrance to the muscle by the pressure of ill-fitting
shoes.

It is perhaps unwise to regard the occurrence of re-innervation and the-occurrence
of groups of fibres of uniform fibre type as inseparable factors. This study has provided
evidence that a random mosaic pattern of fibre distribution can be considered to be
the norm for a wide range of muscles. Even where uniform fibre type grouping occurs,
it is likely that this is secondary to an arrangement of fibre types which was originally
random. However, it is impossible to exclude the converse situation in which denerva-
tion and re-innervation take place but fail to produce groups of fibres of uniform type.
For uniform fibre grouping to occur, at least two conditions must be satisfied. Firstly
the denervated fibres must occupy a fairly compact territory, which pre-supposes the
involvement of more than one motor unit, since the fibres of any one unit are scattered
(Edstrom and Kugelberg 1968). Secondly, the process of re-innervation-must be ef-
fected either by a single motor unit or by more than one unit of the same type. If the
first condition does not obtain, the collateral re-innervation of disseminated atrophied
fibres is unlikely to produce uniform fibre type grouping, though repetition of the same
chain of events might eventually have this effect. If the second condition is not ful-
filled and two motor units of different physiological type participate in the re-innerva-
tion process, it is likely that a mosaic pattern will result in much the same way as it does
in the initial innervation process. Thus it is.quite possible that the successive phases of
denervation and re-innervation may be more common than is generally supposed since
they will remain undetected unless the process gives rise to physiological or histolo-
gical anomalies. Situations may also be envisaged in which the process of re-innerva-
tion leads to the fibre type constitution of a particular muscle becoming significantly
different from normal, while at the same time the number of enclosed fibres is merely
consistent with the new fibre type constitution, and would give no indication that re-
innervation had taken place. The examination of biopsy material for evidence of pre-
vious denervation should therefore take into account not only the number of enclosed
fibres observed, but also the proportion of the respective fibre types which the muscle
examined contains.
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SUMMARY

Samples of skeletal muscle were taken from 50 sites in each of 6 previously normal
male autopsy subjects aged between 17 and 30 years. The respective percentages
of Type I and Type II fibres were calculated and showed that there was a wide variation
in fibre type proportions between the 6 samples in almost all the muscles studied.
Examination of the mean fibre type proportions of each muscle revealed that
predominantly tonic muscles had a high percentage of Type I fibres and predomi-
nantly phasic muscles had a high percentage of Type II fibres. Most of the muscles
studied were known to fulfil both tonic and phasic functions, however, and showed no
striking preponderance of either fibre type.

The spatial distribution of the fibre types was examined in order to determine
whether this was random or not. The number of “enclosed” fibres observed in the
actual samples was compared statistically with the number expected to occur in a
hexagonal lattice model, assuming a random distribution. In the great majority of
muscles, the distribution of the fibre types was in fact random, though isolated in-
stances of grouping of fibres of uniform type were noted in some distal muscles and
more regularly in extensor digitorum brevis.

The methods used in the quantitative assessment of the proportions and spatial
distribution of the respective fibre types in normal muscle have obvious applications
in the study of neuromuscular disease.
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