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In order to investigate the total number, relative proportions, size variations 
and distribution patterns of fibres of different types in human skeletal muscles, a 
technique was developed which allows whole muscle cross-sections to be collected 
and stained enzyme histochemically. Necropsy material was obtained from m. ti
bialis anterior and m. vastus lateralis of previously healthy young adults who had 
suffered sudden accidental deaths. The muscle specimens were extirpated within 
72 hours post morten, frozen in liquid nitrogen, embedded in carboxymethylcellu- 
lose, sectioned and enzyme histochemically stained for myofibrillar ATPase in 
order to permit light microscopic identification of type 1 and type 2 muscle fibres.

The present results show that there is a large variation in both the total number 
of fibres and the size of the whole muscle cross-sectional area between different 
individuals and, also, between different levels of the same muscle. The distributi
on of fibres of different types over the muscle cross-section was heterogeneous. 
Usually the relative proportion of type 2 fibres showed a peak along a medio- 
lateral line passing through the centre of the muscle cross-section. When compa
ring the left and right m. tibialis anterior of the same individual, one of the- 
muscles (usually the left one) was found to contain a larger number of fibres than 
the contralateral one. However, the pattern of distribution of fibres of different ty
pes was similar in the two muscles. The fibre sizes were also found to vary bet
ween different regions of the muscle cross-section. Both type 1 and type 2 fibres 
were significantly larger in the deep muscle region compared to the central or su
perficial sites. The mean fibre size as well as the total number of fibres correlated 
strongly with the whole muscle cross-sectional area. The female m. tibialis ante
rior contained fewer and smaller fibres than the corresponding male muscle, al
though the whole muscle cross-sectional area was of similar magnitude. The 
distribution of fibre types over the muscle cross-section differed somewhat bet
ween females and males. The variation in fibre sizes between different muscle si
tes was less pronounced in the females, but as in male muscles the type 2 fibres 
were always larger than the type 1 fibres.

In conclusion, systematic variations in fibre type distribution and fibre size 
occurs over the muscle cross-section. The total number of fibres in the cross- 
section seems to vary with individual, sex, distance from muscle origin and left- 
right leg. The combination of fewer and smaller fibres in females compared to 
males leads to about 40 % smaller total muscle fibre cross-sectional area in fema
le m. tibialis anterior. The results are discussed in relation to previous studies 
using muscle biopsy techniques. The possible contibution of variations in number, 
sizes or distribution patterns of muscle fibres to adaptation of muscle to varying 
functional demands is also discussed.
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Henriksson-Larsén, Karin, 1984.Distribution, total number and size 
of different types of fibres in male and female skeletal muscles. 
An enzyme histochemical study of whole muscle cross-sections. 
University of Umeå Medical Dissertations Abstracts No 132 ISSN 
0346-6612.

In order to investigate the total number, relative 
proportions, size variations and distribution patterns of fibres 
of different types in human skeletal muscles, a technique was 
developed which allows whole muscle cross-sections to be 
collected and stained enzyme histochemically. Necropsy material 
was obtained from m. tibialis anterior and m. vastus lateralis of 
previously healthy young adults who had suffered sudden 
accidental deaths. The muscle specimens were extirpated within 72 
hours post morten, frozen in liquid nitrogen, embedded in 
carboxymethylcellulose, sectioned and enzyme histochemically 
stained for myofibrillar ATPase in order to permit light 
microscopic identification of type 1 and type 2 muscle fibres.

The present results show that there is a large variation in 
both the total number of fibres and the size of the whole muscle 
cross-sectional area between different individuals and, also, 
between different levels of the same muscle. The distribution of 
fibres of different types over the muscle cross-section was 
heterogeneous. Usually the relative proportion of type 2 fibres 
showed a peak along a medio-lateral line passing through the 
centre of the muscle crcTss-section . When comparing the left and 
right m. tibialis anterior of the same individual, one of the 
muscles (usually the left one) was found to contain a larger 
number of fibres than the contralateral one. However, the pattern 
of distribution of fibres of different types was similar in the 
two muscles. The fibre sizes were also found to vary between 
different regions of the muscle cross-section. Both type 1 and 
type 2 fibres were significantly larger in the deep muscle region 
compared to the central ar superficial sites. The mean fibre size 
as well as the total number of fibres correlated strongly with 
the whole muscle cross-sectional area. The female m. tibialis 
anterior contained fewer and smaller fibres than the 
corresponding male muscle, although the whole muscle cross- 
sectional area was of similar magnitude. The distribution of 
fibre types over the muscle cross-section differed somewhat 
between females and males. The variation in fibre sizes between 
different muscle sites was less pronounced in the females, but as 
in male muscles the type 2 fibres were always larger than the 
type 1 fibres.

In conclusion, systematic variations in fibre type 
distribution and fibre size occurs over the muscle cross-section. 
The total number of fibres in the cross-section seems to vary 
with individual, sex, distance from muscle origin and left-right 
leg. The combination of fewer and smaller fibres in females 
compared to males leads to about 40?ó smaller total muscle fibre 
cross-sectional area in female m. tibialis anterior. The results 
are discussed in relation to previous studies using muscle biopsy 
techniques. The possible contibution of variations in number, 
sizes or distribution patterns of muscle fibres to adaptation of 
muscle to varying functional demands is also discussed.
Key words: Muscle biopsy, human, enzyme histochemistry.
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INTRODUCTION

The human muscle comprises two main types of fibres that can be 
morphologically identified by enzyme histochemical staining for 
mATPase (Brooke & Kaiser 1970) at pH 9.4, namely.

Type 1 fibres - lightly stained and

type 2 fibres - heavily stained.

By preincubation at different pH levels, the type 2 fibres can be 
further subdivided into types 2A, 2B and 2C. This enzyme 
histochemical staining can also be successfully applied to human 
necropsy muscle (Eriksson et al 1980). The different types of 
fibres also differ with respect to their physiological and 
biochemical properties (Saltin & Gollnick 1984):

Type 1- slow-twitch fibres that are fatigue resistant and have 
a low recruitment threshold. Glycogen content is low and 
mitochondrial content is high. They are best suited for long- 
lasting low-force output, such as postural maintenance.

Type 2A- fast-twitch fibces that are fatigue resistant. Both 
glycolytic and oxidative enzyme content is high. They are 
suitable for prolonged work at larger force.

Type 2B- fast-twitch fibres that are fatigueable. The glycogen 
content is high and the mitochondrial content low. These fibres 
are well suited for intermittent recruitment in situations where 
large force is needed, e.g. in jumping.

Type 2C- are characterized as intermediary fibres between type 1 
and type 2 fibres. Immunohistochemically they react both with 
fast-twich and slow-twich antimyosins (Billeter et al 1980).

This correlation between physiological and morphological 
charachteristics (see review Freud 1983) provides the 
opportunity to study the adaptation of human skeletal muscles to 
increased or decreased use, ageing or illness, and variation 
between sexes by defining the occurrence and size of different 
fibre types in the muscles. This has previously been done by 
means of biopsy techniques (Gollnick et al 1973, Edström 1970) 
employing either

needle or forceps biopsy- which is a simple, non-traumatic 
and fast way of obtaining muscle samples from the central or 
superficial regions of the muscle,

or

open surgical biopsy- which requires sterility and surgical 
equipment and where the samples are usually taken from the 
surface of the muscle.
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It has been found that the fibre type occurrence in mi vastus 
lateralis and m. tibialis anterior differs between samples 
obtained by the different biopsy techniques. Needle biopies and 
open surgical biopsies of m vastus lateralis have yeilded 47% and 
37% type 1 fibres, respectively, [Teschi & Larsson 1982, Bylund et 
al 1977), while in rn tibialis anterior the fibre type 1 
occurrence was 78% and 73% for the two techniques, respectively 
(Sandstedt 1981, Ängquist & Sjöström 1980). One explanation for 
this discrepancy in fibre type occurrence could be an 
inhomogeneity in fibre type distribution, meaning that the 
experimentally obtained values would depend on the site of the 
biopsy. A heterogeneous distribution of fibre types within the 
muscle is known to exist in experimental animals such as rabbit, 
rat and hamster ( Pullen 1977 a, b, Reyes & Chokroverty 1980, 
Wählby et al 1978). The possibility that fibre type distribution 
and fibre size may vary over the muscle cross-section also in 
human has been investigated in a number of studies of human limb 
muscles (Johnsson et al 1973, Polgar et al 1973, Edgerton et al 
1975, Elder 1977, Hallkjaer-Kristensen & Ingemann-Hansson 1981, 
Sandstedt 1981, Blomstrand & Ekblom 1982, Elder et al 1982, 
Nygaard & Sanchez 1982, Mahon et al 1984), and of human 
masticatory muscles (Eriksson et al 1981, Eriksson & Thornell 
1983). The conclusions of the studies of limb muscles are 
somewhat inconsistent but the results allow for the possibility 
of a variation in fibre type distribution and fibre size over the 
muscle cross-section as well as along the length of the muscle. 
However, so far this problem has been difficult to analyse in 
quantitive detail since human muscles are generally too large to 
be prepared as whole cross-sections in the commonly used cryo- 
microtomes.

Today cryo-mi'crotomes are available for sectioning of large 
specimens (Ullberg 1977) but untili now this technique has been 
mostly used for autoradiographic studies. The use of this 
equipment in combination with well established enzyme 
histochemical methods (Brooke & Kaiser 1970) would enable 
assessment of fibre type occurrence and fibre size throughout the 
whole muscle cross-section. A direct estimate of the total number 
of fibres in a muscle would also be possible.

The total number of fibres in a muscle has previously been 
estimated from computed tomography and fibre size assessment 
(Schantz et al 1930,1983, Nygaard 1980, Young et al 1982). 
vastus lateralis of subjects exposed to different degrees of 
physical activity as well as of both sexes have been found to 
contain equal number of fibres and the large variations in muscle 
size were therefore attributed to differences in fibre size 
(Schantz et al 1981,1983, Young et al 1982). However, in a 
similar study of nn biceps brachii the total number of fibres was 
estimated to be largest in the male controls, the same in male 
and female swimmers and smallest in the female controls (Nygaard 
1980). Thus, the estimations of total number of fibres by means 
of computed tomography are contradictory.
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Whole muscle cross-sections would enable comparisons of total 
number of fibres to be made between male and female muscles as 
well as between subjects with differences in muscles size. 
However, since differences in muscle size and fibre number 
between individuals could be genetically predetermined, an 
alternative model could be based upon the difference in strength 
between the corresponding muscles of the left and right leg of 
the same individual (Fugl-M^yer et al 1979).

The technique of preparing histochemically stained whole muscle 
cross-sections from necropsy material would therefore open up new 
possibilities to study quantitatively the distribution, number 
and size of different types of fibres in human muscles.

Thus, the main aims of the present investigation were:

-to develop a technique allowing cross-sections of entire human 
necropsy muscles to be collected and enzyme histochemically 
stained.

-to determine the variablitity in size and distribution of fibres 
of different types within a muscle.

-to determine the extent to which total muscle size correlates 
with fibre size and fibre number, respectively.

-to determine whether there exist morpological differences 
between male and female muscles that can be related to the 
physiological differences in muscle performance between sexes.
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MATERIAL

(papers I,III and IV)
Left and/or right m tibialis anterior of ten previously healthy, 
right-handed males (mean age 25 years), who had died 
accidentally, were extirpated less than 72 hours post mortem. 
Slices (10mm thick) were cut from each muscle at about 100 mm 
distance from the origin of the muscle.

(paper II)
The right rn vastus lateralis of 5 previously physically healthy 
males (mean age 31 years) who had suffered sudden accidental 
deaths were extirpated less than 48 hours post mortem. From each 
muscle 10 mm thick slices were cut at distances of 100, 200 and 
280 mm from the origin of the muscle.

(paper IV)
In addition to the specimens described above 10 x 10 mm necropsy 
specimens were taken from the muscle surface at 100 mm distance 
from the origin of the left and right ni tibialis anterior muscles 
of three previously healthy males , aged 18, 37 and 67 years.

(paper V)
Slices (10 mm thick) were extirpated 100 mm from the origin of 
the right and/or left m tibialis anterior of six previously 
healthy females (mean age 28) who had either suffered accidental 
deaths or committed suicide.

METHODS

Whole muscle cross-sections 

(for details see paper I)
An LKB 2250 PMV Cryo-microtome or an LKB 2258 PMV Compact Cryo- 
microtome (LKB Products, Bromma, Sweden) was used. Accessories 
were microtome stages with metal frames and a container for 
cooling medium during embedding.

The muscle specimens were placed on a cardboard, covered with 
talcum powder and frozen in liquid nitrogen (-19éP C) for 10 min. 
Before sectioning, the muscle specimens were embedded in 
carboxymethylcellulose (CMC 6%) on a microtome stage. The blocks 
containing the specimens were trimmed down till sections 
including the entire cross-sectional areas of the muscles were 
obtained. The sections were adhered to a tape (3M Tape, 
800,Hutchinson, Minnesota, USA) and stained for routine 
myofibrillar adenosine triphosphatase (mATPase) (Brooke & 
Kaiser 1970) and were then mounted with Euparal (Chroma 
Gesellschaft, Schmid GMBH & Co, Stuttgart, W-Germany).
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Assessment of fibre type occurrence

Square grids (square size 1x1 mm) were placed on the sections. 
The total number of type 1 and type 2 fibres were counted at the 
light microscopic level in every ninth mm2 (Fig 1 paper 1). The 
relative and total number of fibres in the whole muscle could 
thereby be estimated. The fibre type ratios in the different 
parts of the muscle were converted into contour or colour maps by 
means of computer programs IQHSCU ( Int. Math. Stat. Lib. Inc. 
Houston, Texas, USA),' Surrender (Zachrisen 1979) and IMSL routine 
combined with a RAS pack routine (UMDAC, Umeå, Sweden).

Fibre size assessment.

(papers IV and V)
The size of 100 fibres of each type were determined in each of 
three regions (superficial, central and deep) of the muscle. By 
using a binocular microscope (Leitz microscope Dialux 20, Leitz 
Wetzler gmbh, W-Germany) equipped with a drawing tube together 
with a digitizer tablet (Hipad, Bausch and Lomb, Houston, USA ), 
the perimeter of each fibre could be traced with a cursor and the 
fibre area be calculated and registered in an ABC 806 computer 
(Luxor, Motala, Sweden).

Small necropsy specimens

(for details see paper IV)
The muscle specimens were placed on a cardboard, covered with 
talcum powder and frozen in liquid nitrogen. Before sectioning in 
a Kryostat 1720 (Leitz Wetzler, GMBH, W-Germany) the small 
necropsy specimens were embedded in OCT compound (Lab-Tek 
Products, Naperville, Illinois, USA). The sections were 
collected on glass slides, treated for routine mATPase at pH 9.4 
(Brook & Kaiser 1970) and mounted in Euparal (Chrome 
Gesellschaft Schmidt BMBH & Co, Stuttgart, W-Germany) . The ratio 
of type 1/type 2 fibres was determined in 400 fibres in the 
center of the biopsy. The size of 25 fibres of each type was 
assessed in the periphery and at the mid-point of each small 
necropsy section.

Statistical analysis

Paired 2-tailed Student's _t-test was used to determine 
differences in total and relative number of fibres between left 
and right legs. Variations in fibre cross-sectional area between 
the superficial, central and deep muscle sites as well as 
variations between individuals were tested by analysis of 
variance (AN0VA, Statistical Package for Social Science) and 
further analysed with paired 2-tailed Student's _t-test if found 
significant. (For further details, see papers IV and V)

For comparison of total number of fibres and type 1/type 2 fibre 
cross-sectional area between male and female m tibialis anterior 
the non-parametric Mann-Whitney U-test (two-tailed) and the 
Student's t-test were used.
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RESULTS AND COMMENTS

Whole muscle cross-sections _- general morphology (papers I-V)

Ten micron thick enzyme hisi:ochemically stained cross-sections of 
the entire muscle were prepared. The sections contained a minor 
amount of preparative artefacts apart from the presence of 
extensive amounts of ice crystals in the periphery of the 
sections. The sections contained polygonally shaped fibres in 
well preserved tightly packed fascicles. Signs typical of 
denervation were seen in restricted areas of three sections (one 
male and two females) but no other abnormalities were seen. 
Direct determinations of the total number of fibres, muscle 
cross-sectional area and fibre type occurrence could be performed 
over the muscle cross-section. The validity of fibre size 
assessment over the whole muscle cross-sections was found to be 
satisfactory and fibre size was not influenced differently by the 
preparative procedure in different parts of the sections. This 
conclusion was based on the fact that no difference in fibre size 
could be demonstrated between the periphery and mid-point of the 
10x10 mm necropsy specimens treated similarly.

Comments:

The technigue of making 10 microne thick sections of large 
specimens in the PMV cryomicrotome has mostly been used in 
autoradiographic studies (Ullberg 1977), although the 
possibility to obtain whole muscle cross-sections has also been 
demonstrared (Wroblewski et al 1980). The application of enzyme 
histochemical staining techniques to these large sections gives 
the opportunity to determine the occurrence of fibre types in 
different parts of the muscle. This could answer the question 
concerning the representativity of a small muscle sample obtained 
by biopsy techniques. Eventhough enzyme histochemical staining is 
reliable in necropsy specimens (Eriksson et al 1980) a big 
disadvantage is that usually only necropsy material can be used. 
This means that no longitudinal studies of e.g. the effect of 
physical training on the fibre type occurrence or total number of 
fibres can be performed in single individuals, but that other 
indirect approaches have to be used instead ( see paper III).

The whole muscle cross-sectioning technique also gives the 
opportunity to map variations in the fibre type distribution and 
muscle fibre size. However, before drawing any conclusions on a 
variation in muscle fibre size, the possibility of an influence 
of the preparative procedures on the muscle fibre cross-sectional 
area has to be excluded. In the present study there was no 
difference in size betwen the periphery and mid-point of the 
small necropsy sections treated similarly to the whole muscle 
cross-sections. The influence of the preparative procedure was 
thus concluded to be of minor importance. Alhough cryo-processing 
has previously been found to lead to variations in fibre size due 
to focal contractions (Shorey & Cleland 1983) this would lead to
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random size variations over the whole muscle cross-section and 
should therefore not influence the present results. Our fibre 
size measurements were thus concluded to be reliable, provided 
that the muscles are sectioned at an right angle to the fibre 
axis. This can only be achieved in muscles where the fibres run 
in parallell like in rn^ tibialis anterior.

Size of muscles (II, III & V)

The size of the male rn tibialis anterior varied considerably 
between individuals. In female m tibialis anterior the variation 
between individuals was smaller. There was no significant 
difference in the size of the muscle between males and females. 
The size of the left and right m tibialis anterior of the same 
individual differed in both females and males, the left muscle 
usually being larger. In m vatus lateralis there was a great 
variation in muscle cross-sectional size between sections from 
different levels due to the shape of the muscle.

Table 1. Muscle cross-sectional area (mm 2)

M tibialis anterior M vastus lateralis

Subject Male Female Male, right

right left right left Distance from origin (mm)

100 200 280

2 200 3 100 2 500

3 000 3 200 2 300

2 700 3 600 2 700

3 000 3 300 2 000

3 000 3 000 2 200

■> / *

NS

A 494 541 732 866

B 551 665 660 741

C 1 056 1 212 872 924

D 966 915 815 804

E 1 155 1 225 729 826

F 672 722

*=Significantly different p<0.05; NS=Not significantly different. 

Comment :

Muscle cross-sectional area (CSA) determined with computed 
tomography correlates strongly with maximal voluntary isometric 
strength in knee-extensor muscles (Maughan et al 1983a). The 
ratio between strenth and muscle cross-sectional area does not
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differ between strength trained individuals and sedentary 
controls (strength/CSA ratios 9.81Ì0.81 and 9.40 Ì1.38, 
respectively, Maughan et al 1982). However, the same ratio was 
found to differ between sprinters and marathon runners (Maughan 
et al 1983b). Which was suggested to be due to the well 
established fact that sprinters have a higher proportion of type 
2 fibres in their muscles than subjects competing in endurenre 
events (Gollnick et al 1980). On the other hand, an influence of 
the fibre type occurence on the strength/CSA ratio could not be 
confirmed in later studies (Maughan & Nimmo 1984). The range of 
strength/CSA ratios was large in all these studies (males 7.07- 
13.37, females 6.6-11.01). The female mean values were slightly 
lower, but not significantly so. Muscle size is thus correlated 
to muscle strength but can not be directly converted into 
strenght values since there are wide individual variations. The 
variation in strength/CSA ratio in the knee extensor muscle can 
partly be due to the arrangement of the muscle fibres since this 
muscle is multioennant. M. tibialis anterior therefore seems more 
suitable for comparing strength/CSA ratios.

There are known differences in plantar flexion torque between the 
left and right leg, the left one usually being strongec (Fugl- 
Meyer et al 1979). This may possibly be due to a tendency for 
right-handed people to use the left leg more than the right one 
in various support situations (e.g. in jumping and standing), 
while the right leg might be preferentially used in movements of 
more precise or explorative nature. Since m tibialis anterior is 
involved in stabilizing the ankle it is not surprising to find 
one of the jn tibialis anterior, usually the left one, larger than 
the other.

Women are usually 20-40% weaker than men (Fugl-Meyer et al 1980). 
It was thus surprising not to find any difference in total 
muscle cross-sectional area betwen male and female muscles. This 
could indicate that a difference in the strength/CSA ratio exists 
between men and women as has earlier been suggested (Maughan et 
al 1982). However, the similar size of the male and female muscle 
cross-sections could also be due to the fact that the muscles 
specimens were all collected 100mm from the origin of the muscle, 
irrespective of where the largest muscle diameter was situated. 
This could also have contributed to the great individual 
variations in muscle CSA of the male subjects. As seen in the 
results the CSA of rn vastus lateralis depends both on the 
individual shape of the muscle and on the distance from the 
muscle origin. Subject E had an equally large CSA at the 100 and 
200 mm levels, but in subject A the CSA was almost 1000mm 
smaller at the 100 level compared to the 200 level.

Total number of muscle fibres (papers 1,11, III and V)

In male subjects the left m tibialis anterior usually contained 
significantly more fibres than the corresponding right muscle. 
Such a difference between muscles could not be demonstrated in
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the female subjects. The female m tibialis anterior contained, on 
the average, 20% less fibres than the corresponding male muscles. 
The total fibre content of the male nn vastus lateralis varied 
greatly depending on the distance from the origin of the muscle. 
At the same muscle level there was also a great difference 
between individuals.

Table 2. Total number of fibres per muscle (x 1000)

Subject M tibialis anterior M vastus lateralis

male female male., right

right left right left Distance from origin (mm)

100 200 280

A 97 95 111 123 379 482 349

B 136 168 122 124 441 450 343

C 155 183 139 117 360 485 355

D 164 158 115 115 345 526 360

E 171 190 141 135 375 375 275

F 132 150

Mean 143 157 126 123 374 464 336

SD 27

*

34 14 8

NS

25 56 35

*

*=Significantly different p<0.05; NS=Not significantly different

The total number of fibres correlated well with the muscle cross- 
sectional area in rn tibialis anterior and nn vastus lateralis of 
moles (r=0.82 and r=0.9 respectivly). In female nn tibialis 
anterior there was no such correlation (r=0.02).

Comment :

It is generally thought that the number of skeletal muscle 
fibres remains more or less constant from birth throughout life 
(Goldberg et al 1975). Thus, computed tomographic estimations of 
muscle size and number of fibres/mm^ have yielded rather uniform 
values for the total number of muscle fibres despite great 
differences in muscle girth (Schantz et al 1981). Furthermore, rn 
biceps brachii of a stillborn infant was found to contain 580 000 
muscle fibres (Christensen 1959), which is within the range of 
values reported for adult individuals (Nygaard 1980). These
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results suggest that the total number of fibres in a muscle is 
not altered postnatally. On the other hand, it also has been 
reported that an athletic person can have 30% more fibres in m^ 
biceps brachii than a normal individual (Etemadi & Hosseini 
1968). The present data on male muscles showed a close 
correlation between muscle size and total number of fibres, which 
may possibly suggest that the adaptation of a muscle to increased 
use may also involve an increase in the number of fibres. This 
would also be compatible with the present finding of a 
significant difference in the total number of fibres between 
contralateral muscles.

Numerous reports have been published on both satellite cell 
activity (activation of muscle stem cells for the formation of 
new muscle cells), fibre splitting ( longitudinal division of 
already existing muscle fibres) and increased fibre number in 
muscles subjected to intense exercise or increased mechanical 
load. ( Hall-Cragg 1969, Goneya et al 1977, Vaughan & Goldspink 
1979, Goneya 1980, Ho et al 1980, Salleo et al 1980, Brown et al 
1982, Salleo et al 1983). Recently, there have also been reports 
on fibre splitting in man (Feker & Apor 1981). Thus, there is 
evidence in favour of the idea that muscle may adapt to increased 
use by altering its fibre number.

With respect to differences in fibre number between males and 
females, the wide confidence limits of estimations of total fibre 
number by means of computed tomography do not allow a statistical 
identification of a 13% difference in the total number of fibres 
(Schantz et al 1983). In the latter study it was concluded "that 
there seem to be no sex difference in the number of fibres of nn 
triceps brachii". M biceps brachii has also been shown to contain 
about equal number of fibres in male and female swimmers (490 
000, Nygaard 1930) although there was a great difference in the 
total number of fibres between sedentary males and females (641 
200 and 392 7(JG, respectively). In the present study the female 
muscles had a significantly (20%) lower number of fibres than the 
corresponding males ones. The discrepancy between the results 
obtained by computed tomography and the results of the present 
thesis will be further discussed below.

Proportion of fibre types (papers II, III and V)

The mean relative proportion of type 2 fibres was the same in the 
left and right m tibialis anterior of both males and females. The 
proportion of type 2 fibres was also similar at different levels 
of m vastus lateralis of the same individual. The range of values 
for type 2 fibre occurrence was large due to the uneven 
distribution of fibre types over the muscle cross-sections.
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Table 3. Proportion of type 2 fibres (%)

Subject M tibialis anterior M vastus lateralis

Male Female Male, right

Right Left Right Left Distance from origin (mm)

100 200 280

A 33 37 35 35 45 47 47

B 31 32 72 69 46 43 46

C 33 34 35 28 50 53 36

D 44 43 27 30 46 49 49

E 33 33 33 28 48 50 50

F 31 29

Mean 34 33 40 38 53 52 50> V f---- ' , r—1

NS NS NS NS
L i

NS* NS

NS=Not significantly different

There was a systematic variation in the relative fibre type 
occurrence over the muscle cross-sections of both male and female 
£ tibial is anterior and m vastus lateralis. The patterns of fibre 
type distribution differed somewhat between male and female 
muscles. The highest density of type 2 fibres in m^ tibialis 
anterior was found more superficially in females than in males ( 
se fig 3, paper III and fig 2, paper V). Furthermore, the peak of 
type 2 fibre occurrence in the central muscle area was not as 
pronounced in females as in males. In males the pattern of fibre 
type distribution was quite similar between corresponding muscles 
of the two legs. However, in females the superficial peak of type 
2 fibre occurrence was situated deeper in the left muscle. In m 
vastus lateralis the type 2 fibres were superficially situated. 
The fibre distribution patterns were similar at all three muscle 
levels (see fig 2 and 3 ,paper II).

Comment:

Type 1 fibres have been shown to predominate in athletes engaged 
in endurance events, while type 2 fibres are more frequent in 
individuals engaged in sports requiring speed and strength 
(Gollnick et al 1972, Prince et al 1976, Gollnick et al 1980). It 
is unknown to what extent this difference is secondary to 
training or genetically predetermined. Many studies have dealt 
with the relationships between relative fibre type occurrence and
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different physiological parameters (eg strength, VCU max, 
running ability). The degree of influence of relative fibre type 
occurrence on muscle strength and contraction speed varies 
between studies (Thorstensson et al 1976, Tesch & Karlsson 1978, 
Maughan & Nimmo 1984, Young 1984). The same applies also to the 
correlations between percentage slow-twitch fibres and maximal 
knee extension force or VO^ max (Hultén et al 1975, Berg et al 
1978, Clarksson et al 1980, Rusko et al 1980, Gregor et al 1981). 
Some of these discrepancies in results could be due to a 
difference in physiological status op the examined subjects since 
there is evidence that these correlations are stronger in trained 
individuals than in untrained ones ( Thorstensson et al 1976, 
Berg et al 1978). Another explanation could be that the muscles 
samples used in these studies were not representative of the 
whole muscle due to a heterogeneous distribution of fibre types. 
The latter factor might also affect the results of the effect of 
training on relative fibre type occurrence (Gollnick et al 1973, 
Saltin et al 1976, Jansson et al 1978, Krotkiewski et al 1983).

In line with the present results, variations in fibre type 
occurrence within a muscle have been demonstrated in multiple 
biopsy studies of nn guadriceps femoris ( Hallkjear-Kristensen & 
Ingemann-Hansen 1981, Blomstrand & Ekblom 1982 ) as well as in 
different limb muscles of human cadavers (Johnsson et al 1973, 
Sandstedt 1981, Nygaard & Sanchez 1981, Elder et al 1982). 
Recently published results on transformation between type 2 A and 
type 2 B or intermediate fibres ( Jansson et al 1978, Henriksson 
et al 1980, Schantz et al 1982, Schantz & Henriksson 1983, Staron 
et al 1983 a, b) suggest that systematic variations in fibre type 
distribution over the muscle cross-section, as found in the 
present study, could be due to long-lasting differences in 
demands put on the various parts of the muscle.

In rn tibialis anterior the mean relative fibre type occurrence 
did not differ between sexes, which contrasts to the situation 
found in biopsies from m vastus lateralis (Komi & Karlsson 1978). 
Although an actual difference between sexes in the relative 
fibre type occurrence of m vastus lateralis cannot be excluded, 
the possibility that biopsies may not be representative for the 
entire muscle (see above) should also be kept in mind.

The present results showing systematic variations in fibre type 
distribution within muscles clearly stress the importance in 
biopsy studies to define tne biopsy site in terms of both depth 
and level. Also, the possibility of differences between 
homologous muscles of the left and right side should be kept in 
mind.

fibre cross-sectional area (papers IV and V)

At each site measured there was a great variation in the size of 
both type 1 and type 2 fibres. In both male and female muscles 
the type 2 fibres were always larger than type 1 fibres. In the
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males, the fibres in the deep part of the muscle always had the 
largest cross-sectional area. There was a significant difference 
in cross-sectional area of both type 1 and type 2 fibres between 
the three muscle sites. The statistical interactions in the 
analysis of varaiance were also significant. However, the F- 
values of the interactions were much smaller than those of the 
main effects. The female muscles showed the same levels of 
significance as the male muscles with respect to both main 
effects and interactions. However, in the female muscles the F - 
value for type 1 fibres was smaller for the main effects than for 
the interactions. Compared to the male m tibialis anterior, the 
mean cross-sectional area of both type 1 and type 2 fibres was 
smaller (63?o p<Q.01 and 67?0 p<0.05, respectively) in the female 
muscles.

Table 4. Fibre cross-sectional area in m tibialis anterior

Specimen

Superficial

Males

Central Deep Superficial

Females

Central Deep

Type 1

1 3304 2648 3437 2846 2591 2600

2 3430 3158 4732 1929 2318 2209

3 2409 2253 3163 1750 2143 2028

4 3892 4565 5217 2731 2238 2224

5 2481 2300 3158 1846 2173 1602

6 3569 _4,17°,__^ ^4467
1v **'

Type 2

1 4045 3426 4075 3975 3888 4407

2 5087 4378 5894 3946 3658 4205

3 3576 3219 5736 1862 2314 2328

4 6968 6534 7824 3640 2932 3925

5 3669 3545 5675 3055 3176 2770

6 4815 4674 .6123 v___ ____ ,__ t ,
* *

” *

Significantly different; *=p<0.05, **=p<0.01, ***=p<0.001
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The relationship between mean muscle fibre area and muscle cross- 
sectional area is considered in paper IV (see fig 6) and paper V 
(see fig 4). The results suggest that the size of a given muscle 
is not determined by fibre size alone but that fibre number may 
also be a contributing factor.

Comment :

Fibre size has been found to increase by training ( Prince at al 
1977, Lavoie et al 1980, Schantz et al 1981, Tesch et al 1984) 
and decrease with physical inactivity or illness (Edström 1970, 
Lindboe & Platou 1932, Young et al 1982, Houston et al 1983, 
Lindboe & Platou). Endurance training is thought to increase the 
size of type '1 fibres up to an optimum level where the 
diffusional exchange between blood vessels and cell interior is 
not impeded (Schantz et al 1983b). Strength training, on the 
other hand, increases the size of type 2 fibres (Dons et al 
1979). It is not known whether there is an optimum size for type 
2 fibres. Studies on muscle fibre size in body builders have been 
confusing since in one study the larger muscle circumferance was 
accounted for by larger muscle fibres (Schantz et al 1981) while 
in another study no difference in fibre size was found between 
body builders and controls (Tesch & Larsson 1982). The present 
results suggest that in male subjects an increase in muscle 
cross-sectional area cannot be solely due to an increase in 
muscle fibre size, since all the largest muscles were situated 
below the line of the same relative increment of muscle and fibre 
cross-sectional size (paper IV, fig 6). There was also a high 
correlation coefficient between the total number of fibres and 
muscle size (paper III). Thus, the present results suggest that 
in the larger muscles the fibres may be both larger and more 
numerous than in the smaller muscles. In females all the muscles 
were situated in a cluster below the line of the same relative 
increment of muscle and fibre cross-sectional size (paper V, fig 
4) and the correlation coefficient between muscle size and 
total number of fibres was here 0.02. This will be further 
discussed below.

The above related studies on the influence of training and 
inactivity on muscle fibre size (e.g. Prince et al 1977, Edström 
1970, Linboe^ & Platou* 1982) suggest that both the present 
results On fibre size variations within the muscles and earlier 
similar results (Sandstedt 1931, Hallkjear-Kristensen & Ingemnnn- 
Hansen 1981, Elder at al 1982) may be accounted for by a 
variation in the physical demands put on the different parts of 
the muscle.' Such variations have been demonstrated in ni biceps 
brachii where the fibres having the lowest recruitment threshold 
and thus bçing most often recruited, are situated deep in the 
muscle (CLamann 1970). Apart from indicating a complex pattern of 
adaptation to increased or decreased use, this suggests that 
small differences in fibre size found in biopsy specimens should 
he carefully interpreted.

In line with earlier studies (Costili et al 1976, Prince et al 
1977, Nygaard 1981, Grimby et al 1982) a difference in muscle
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fibre size between sexes was found for both type 1 and type 2 
fibres, (which can serve as further support for the reliability 
of the fibre size measurements in whole muscle cross-sections). 
This difference between males and females with respect to both 
fibre size and fibre size variation over the cross-section, might 
be due to sex-related differences in the functional demands put 
on the various parts of the muscles. Some factors contributing to 
such differences may be that women usually a^e shorter than men, 
weigh less, and also frequently use high heel shoes. (For further 
comments, see below ).

Total muscle fibre cross-sectional area (papers IV and V)

In the female ni tibialis anterior, on the average 44% of the 
muscle cross-sectional area consisted of muscle fibres, which is 
25% less than the corresponding value for the male muscles. In 
absolute number the total fibre cross-sectional area of the 
female muscles was 59% of the corresponding male value.

Comment :

The ratio between strength and total cross-sectional area of 
muscles has been shown to differ , though not significantly, 
between males and females ( Maughan et al 1983). Suggested 
explainations for the difference are replacement oe muscle 
proteins with fat or fluid in females (Maughan et al 1983). In 
the present study there was a 25% difference between males and 
females with respect to the area of the muscle cross-section that 
was occupied by muscle fibres. This might explain the difference 
in the muscle size/strength ratio between males and females. This 
difference in muscle area occupied by muscle fibres might also 
explain why the total number of fibres in males and females were 
found to be the same when estimated from fibre size and muscle 
size (Schantz et al 1983). Estimations of total number of fibres 
in female muscle by means of computed tomography are thus not 
reliable unless the amount of intercellular tissue is also 
measured.

The total number of fibres estimated for mi biceps brachii of 
sedentary controls and elite swimmers vary greatly (sedentary 
males 641 203, sedentary females 392 700, male and female elite 
swimmers 490 000, Nygaard 1980). Somewhat confusing is also the 
small difference in estimated fibre number obtained between m 
quadriceps femoris (1 700 000, Young et al 1982) and its 
subcomponent m vastus lateralis (1 000 000, Schantz et al 1981). 
In the present study, the mean total number of fibres estimated 
from direct count of fibres in whole cross-sections of nn vastus 
lateralis was 464 000. The larger number of fibres obtained by 
computed tomography may be due to either a difficulty to define 
the limits of the muscle on the x-ray image or to a difference in 
the amount of muscle that is made up by muscle fibres. The 
validity of tomography estimations of total number of muscle 
fibres may thus be questioned as long as the amount of
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intercellular tissue cannot be determined for each muscle.

GENERAL DISCUSSION

The adaptation of human skeletal muscles to increased use has 
been stated to take place by increase in fibre size, fibre enzyme 
content and capillarisation of the muscle (Komi & Karlsson 1979, 
Saltin & Gollnick 1984, Sfaron et al 1984). The number of fibres 
in a muscle as well as the relative proportion of fibre types has 
generally been assumed to be genetically predetermined and not 
altered by increased or decreased use ( Schantz et al 1981, 
Salomons & Henriksson 1981). Lately, however, there have been 
reports on fibre type transformation between type 2 subtypes ( 
Staron et al 1983a). Some authors have also suggested a 
transformation of type 2 A and B fibres via type 2 C into type 1 
fibres (Schantz et al 1982). Whether an actual transformation has 
taken place in these cases or whether an increase in the total 
number of fibres of one type has lead to a change in the relative 
proportion of fibre types, can not be determined from single 
muscle biopsies. To solve this problem estimates of the total 
number of fibres in the whole muscle are needed, and such 
information cannot be obtained by .means of biopsy techniques.

The total number of fibres in a muscle has previously been 
estimated from the combination of computed tomography or ultra 
sound, on one hand, and muscle biopsies on the other. The results 
from these studies are diverging, since body builders as well as 
female and male physical education students are reported to have 
equal number of fibres in their rn vastus lateralis (Schantz et al 
1981, 1983), while the total number of fibres in m biceps brachii 
did not differ between sedentary men and women (Nygaard 1980).

In the male subjects of the present study there was a close 
positive correlation between the total number of fibres and 
muscle size. The number of fibres per square millimeter 
correlated negatively to muscle size. In males the muscle size 
thus seems to depend on both fibre size and total number of 
fibres. Whether variations in the total number of fibres is 
genetically predetermined or whether it reflects an adaptation to 
increased use, can not be determined from this study alone. The 
possibilities for a muscle to increase its fibre number are by 
means of fibre splitting and/or satellite cell activation. These 
phenomena have been reported in many laboratory animals (Ho et 
al 1980, Allbrook 1981, Brown et al 1982, Shinji Ishimoto et al 
1983) and lately also in human muscles (Feker & Apor 1981). The 
relative proportion of different fibre types may be altered by 
fibre transformation (Jansson et al 1978, Schantz et al 1982, 
Schantz & Henriksson 1983), in addition to the possible change in 
fibre number mentioned above. The possibility that the uneven 
distribution of fibre types within the muscles as well as the 
variation in fibre distribution patterns between men and womp-
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may reflect adaptive changes due to differences in physical 
demands put on the different parts of the muscles, should 
therefore not be excluded.

Ihe differences in muscle morphology observed in the present 
study between men and women are relatively large. It is also 
notable that the difference between males and females with 
respect to total muscle fibre area is of the same order of 
magnitude as that reported with respect to muscle strength, max 
VO 2 etc. (Komi & Karlsson 1978). Whether these differences are 
due to genetica!; hormanal, neural or other unknown factors 
cannot be stated at present. However,the fact that these 
differences are smaller between male and female athletes than 
between sedentary controls (Fugl-Meyer 1981), might possibly 
suggest that they are related to differences in activity patterns 
(Andersen et al 1984).
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