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Mizuno. 
ABSTRACT: In man the diaphragm (DIA) and abdominal muscles 
comprise approximately 50% slow-twitch (ST) fibres, whereas a higher 
proportion (60%) is found in intercostal muscles and the scalenes. 
All respiratory muscles show an equal distribution of fast-twitch (Ffa 
and b) fibres with the exception of the expiratory Intercostal muscles 
which have few Ffb fibres. The inspiratory muscles have a uniformly 
small fibre size, in contrast to the expiratory intercostal muscle 
fibres which are large. The fibre size of the inspiratory muscles Is 
maintained with ageing, whereas that of the expiratory Intercostal 
muscles appears to be reduced after the age of 50 yrs. Capillary supply 
Is most abundant in the expiratory muscles followed by DIA and the 
inspiratory intercostal muscles. In patients with chronic obstructive 
pulmonary disease (COPD) it is unknown whether a reduction in fibre 
size of the thoracic respiratory muscles is caused by extreme use due to 
increased ventilatory work, or by disuse due to an increased Involve
ment of the extrathoracic respiratory muscles. Histochemical character· 
istlcs suggest that, in normal humans, the load on the inspiratory muscles 
is relatively small during contractions, whereas the expiratory intercostal 
muscles are exposed to severe continuous activity with a heavy load. 
Eur Respir ]., 1991, 4, 587-601. 

Skeletal muscles possess a large plasticity to 
altered pattern of use. The same muscle adapts 
differently to recruitment for either short intense or 
prolonged activity with low or high force development 
[1). Structural and metabolic characteristics of muscle 
fibres will therefore depend on a combination of 
the pattern and workload in which the muscle is 
engaged. 
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Poatarlor 

The respiratory muscles provide the pump for venti
lation. To move and/or to stabilize the rib cage the 
respiratory muscles have to overcome a certain resist
ance to contractions. During quiet breathing inspiration 
is associated with electromyographic (EMG) activity 
from the diaphragm, scalenes, sternomastoid, internal 
intercostal muscles (INT) of the parasternal region and 
external intercostal muscles (EXT) of the posterior part 
[2-6] (fig. 1). During expiration EMG activity is lim
ited to the lateral INT. Accordingly, studies have 
focused on inspiratory muscles [5, 6, 8-10] and regimes 
have been provided for training inspiratory rather than 
expiratory muscles [11-15]. 

Mid-ex llary llneMid-clavlcular line 

In addition to ventilation, the respiratory muscles play 
a role during coughing, talking and singing where the 
expiratory muscles, e.g. the lateral INT and the 
abdominal muscles, would be considered to contribute 
significantly (4]. Also, the expiratory muscles dominate 
the contribution of the respiratory muscles to postural 

Fig. 1. - Schematic illustration demonstrating intercostal regions 
where electromyographic activity is recorded during breathing at 
rest (hatched area for expiration; crossed area for inspiration). The 
locations of sampling sites for external (EXT) and internal (INT) 
intercostal muscles as well as for the costal diaphragm (DIA) are 
marked. Q: inspiratory muscles; 0 : expiratory muscles. Adapted 
from MIZUNO and SECHER [1). 
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support during rotation of the trunk as well as during 
lifting, carrying and reaching in performing a Valsalva
like manoeuvre. Furthermore, during forced expiration, 
as in ventilation during intense exercise, and notably 
in patients with asthma, the expiratory muscles are of 
utmost importance. 

The respiratory muscles may be impaired or severely 
taxed in several disease and clinical states. In 
patients with chronic obstructive pulmonary disease 
(COPD), or with other lung disease, the ventilatory 
load is increased and respiratory muscle fatigue may 
develop [16]. In patients with muscle dystrophy or with 
postoperative partial curarization, weakness of respira
tory muscles may cause an inadequate alveolar gas 
exchange [17]. 

In previous reviews on respiratory muscles, functional 
rather than morphological aspects have been empha
sized [4-6, 8-10]. In this review the histochemical 
fibre morphology, capillary supply and biochemical 
observations on the inspiratory and expiratory muscles 
are described and compared with data from limb skeletal 
muscles. Adaptive responses of respiratory muscle 
morphology to inspiratory and expiratory function as 
well as to ageing are discussed. In addition, the effects 
of neuromuscular blocking agents on the respiratory 
muscle are summarized. 

Classification of skeletal muscle fibres 

With the use of histochemical staining for myofibrillar 
adenosine triphosphatase (ATPase) [18], two major 
fibre types have been classified as type I and type II, 
respectively [19]. Because a direct coupling exists 
between contraction speed and ATPase activity [20], 
it is more descriptive to call them slow- (ST) and fast
twitch (FT) fibres [21). Although a large proportion of 
muscle fibres show a coexistence of ST and FT myosin 
heavy chain isoforms [22), those fibres histochemically 
classified as ST contract slower than FT fibres [23-25). 
FT fibres can be further subdivided into FTa or FTb, 
identified following preincubations at different pH 
values [26) (fig. 2, left panels). ST fibres fatigue less 
during repetitive contractions than FTb fibres, whereas 
FTa fibres are able to maintain tension similar to ST 
fibres (24). 

ST fibres are surrounded by a slightly larger number 
of capillaries (4-5) than FTa and FTb fibres (2-4) 
(fig. 2, middle right panel). Accordingly, ST fibres pos
sess high mitchondrial and low glycolytic enzyme 
activity represented by, e.g. nicotinamide adenine 
dinucleotide tetrazolium reductase (NADH-TR, fig. 2, 
upper right panel) and alpha-glycerophosphate dehy
drogenase (a-GPD, fig. 2, lower right panel), respec
tively. In contrast, the reverse is true for FTb fibres. 
Metabolic characteristics of FTa fibres resemble those 
of the ST fibres [1]. Although the metabolic profile has 
been used to classify muscle fibres, the use of A TPase 
staining has been most widely accepted. One of the 
reasons for this is that there is not a complete coupling 
between fibre classification based on histochemical 

~a 
FTb ST 

Fig. 2. - Photomicrograpbs of serial transverse sections from 
human vastus lateralis muscle incubated for myofibrillar ATPase 
activity with preincubations at different pH indicated (left panels), 
for NADH-TR activity (mitochondrial enzyme, upper right panel), 
for capillaries with the amylase-PAS method (middle right panel) 
and for a-GPD activity (glycolytic enzyme, lower right panel). Ff: 
fast-twitch; ST: slow-twitch; NADH-TR: nicotinamide adenine di
nucleotide tetra~olium reductase; a-GPD: alpha-glycerophosphate 
dehydrogenase; ATPase: adenosine triphosphatase; CAP: capillaries. 

staining for metabolic enzymes and for myofibrillar 
ATPase, in particular, among subgroups of FT fibres 
(27). Furthermore, at postmortem, metabolic enzyme 
activities decrease more rapidly than ATPase activity 
(28, 29). 

As may be expected, skeletal muscles such as 
antigravity muscles comprise a larger proportion of ST 
fibres when compared with muscles recruited less dur
ing daily life (30, 31). Successful endurance athletes 
possess a dominance of ST fibres (and few FTb fibres) 
in their leg muscles, while a high proportion of FT 
fibres is found in elite sprinters [1). These findings are 
probably dominated by genetic factors (32]. However, 
following endurance training a conversion of myosin 
heavy chain isoforms is noted towards ST fibres 
[33-35]. Endurance training alters FTb fibres in the 
direction of FTa fibres (36, 37) and may also partly be 
responsible for the dominance of ST fibres in 
endurance trained athletes. In contrast, no significant 
change in fibre type proportion has been observed 
following strength training (38, 39) (table 1). 

Skeletal muscle adapts differently to recruitment 
depending on the pattern of activity. Endurance training 
causes relatively less increase in muscle mass than 
strength training. Muscle hypertroph y following 
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Table 1. - Fibre morphology and capillary supply in human skeletal muscles 

Fibre type Mean Cap. Fibre Fibre 
distribution fibre per area per circumf. 

% area fibre cap. per cap. 

Subjects ST FT a FTb ~m~ n !liD~ 1-lffi Ref. 

Vastus lateralis muscle 

Untrained 40 32 28 4900 1.8 990 55 [7} 
Endurance 

trained• 66 32 2 4700 2.6 710 38 (37] 
Strength 

trained 48 30 22 8700 2.1 1300 [38] 
[39] 

Triceps branchii muscle 

Untrained 42 58 .. 5000 1.9 990 [40] 
Endurance 

trained 44 55 1 6900 3.1 820 38 (37] 
Strength 

trained 49 51°* 11000 2.5 1740 (41] 

•: data obtained from gastrocnemius muscles; ••: no sub-classification of FT fibres per
formed; ST: slow-twitch; FT: fast-twitch. 

training is probably due to an increase in the size of 
individual muscle fibres (table 1) rather than in the total 
number of fibres. "Fibre-splitting" may account for 
only a marginal increase in muscle volume [42), or 
alternatively, represent muscle fibre damage [43). 
Capillary supply in muscle fibres increases more with 
endurance than strength training (table 1). 

Histochemical profile of human 
respiratory muscles 

The diaphragm 

Autopsy materials. In contrast to biopsies from limb 
skeletal muscles, which have been obtained largely by 
the needle technique [1, 44), samples from respiratory 
muscles have most often been acquired during thora
cotomy and autopsy. From postmortem studies, 
where diaphragm muscle biopsies were obtained from 
previously healthy individuals who had suffered a sud
den accidental death, the mean relative occurrence of 
ST fibres is approximately 50% [7, 45] (table 2). The 
remaining proportion is evenly divided into FT a (25%) 
and Ffb fibres (25%). Thus, fibre type distribution of 
the diaphragm resembles the pattern existing in limb 
skeletal muscles of untrained subjects (table 1). 

A comparison of the size of individual muscle fibres 
between the diaphragm and limb skeletal muscles is 
complicated by the use of two different methods. In 
order to reduce errors resulting from measurements of 
obliquely sectioned fibres [53), muscle fibre size of the 
diaphragm has been frequently expressed as "the least 
(lesser) diameter" [47-49, 51, 52]. However, 
determinations based on measurements of cross-sectional 
area by planimetry are more accurate because a curvi
linear relationship exists between fibre cross-sectional 

area and least fibre diameter (fig. 3) [40, 50] . Further
more, an implicit assumption of the least diameter 
method is that cross-sections of muscle fibres are 
circular, whereas either a pentagonal or hexagonal shape 
is more accurate (fig. 2) [7, 50). Thus, the cross
sectional area of muscle fibres will be constantly under
estimated with the use of the least diameter. 

The average fibre size of the costal diaphragm deter
mined using the cross-sectional area is 2,200 ~-tm2 in 
normal subjects [7, 45] (table 3). ST fibres (800 
~-tm2) are slightly larger than both FTa (2,200 ~-tm2) and 
Ffb fibres (1,800 ~-tm2). Thus, the size of diaphragmatic 
muscle fibres is relatively small as compared with that 
of limb skeletal muscles (table 1). 

The mean number of capillaries per fibre determined 
in the costal diaphragm is 1.9 (1.5-2.4) [7). ST 
fibres are surrounded by 4--6 capillaries, whereas slightly 
less (3-5) are found around FTa and Ffb fibres. These 
values are similar to those reported for limb skeletal 
muscles of untrained individuals. However, the calcu
lated values for the fibre area surrounded by each 
capillary are smaller in the diaphragm (table 4) than in 
leg or arm muscles (table 1) [7]. 

The reason for taking the cross-sectional area 
of muscle fibres into account when expressing 
capillary supply is that this inde:x may serve as an 
indicator for diffusing distance between the capillary 
and muscle fibres. According to tlie Krogh concept, 
capillaries in skeletal muscles are assumed to serve a 
certain cylinder of tissue [55), and thereby indices 
based on capillaries pet mm2 of tissue area or con
versely tissue area per capillary have been used [1, 36). 
Justification for these indices is the finding that the 
index for capillary supply related to fibre area has 
been shown to be closely linked to the oxidative poten
tial of muscle fibres and also to aerobic work capacity 
[1, 56]. 



590 M. MlZUNO 

Table 2. - Fibre type distribution of human respiratory muscles 

Subjects Inspiratory Expiratory 

Diaphragm Intercostal muscles 

n Age External Internal Ref. 

Costal% Lateral% Parasternal % Lateral % 

MIF yrs ST Ffa Fib ST Ffa Fib ST Ffa Fib ST Ffa Fib 

Postmortem 
4/3 2-59 54 46 69 31 62 38 [46) 
3/2 17-72 50 21 26 52 25 21 [45) 
8/0 17-51 49 28 23 62 14 24 61 27 12 64 35 1 [7) 

Thoracotomy 

8 65 35 [25] 
4/4 <60 57 43 [47] 

N 7 30-72 55 21 24 [45] 
N 8 54 53 47 63 37 60 40 [48) 
N 10 47 53 47 [49) 
N 5/1 28-67 59 14 27 64 36 0 [50] 

COPD 18 47 57 43 62 38 62 38 [48) 
COPD 8 55 53 47 [49) 
COPD 22 24-77 48 52 48 52 [51) 
COPD 17-39 60 47 53 47 53 . 47 53 (52) 

N: Normal ventilatory capacity; COPD: chronic obstructive pulmonary disease; ST: slow-twitch; Ff: fast-twitch. 

Fibre area 
x1o2 1-1m2 

80 

60 

40 

20 

30 40 50 60 70 80 1-1m 

L.eeaer diameter 

Fig. 3. - Relationship between lesser diameter and cross-sectional 
area of the fibre types determined by planimetry in external and 
internal intercostal muscles laterally placed. External intercostal 
muscles: e: ST; 0: FTa; t.: FTb. Internal intercostal muscles: • : 
ST; Q: FTa. ST: slow-twitch; FT: fast·twitch. Adapted from MIZ\JNO 

et al. [SO]. 

Patients. The mean relative occurrence of ST (54%), 
FT a (21%) and Fib fibres (21%) of the diaphragm in 
patients with normal ventilatory function and with COPD 
is the same as in autopr.y materials (table 2) [48, 49, 52, 
57). Regional distribution of fibre types in the diaphragm 

has been studied showing no difference between the 
crural and costal parts [49]. However, the costal part 
possesses a 15% larger diameter of muscle fibres than 
the crural part, and this finding applies to patients with 
normal ventilatory function as well as those with COPD 
[49). 

In postmortem studies of COPD patients 
measurements of the total size of the diaphragm have 
revealed conflicting results indicating both hypertrophy 
[58, 59) and atrophy [60). Muscle atrophy has been 
attributed to an impaired use of the diaphragm as seen 
on radiography [61). A small muscle mass of the 
diaphragm in COPD is related to low body weight of 
the patients [62, 63) . Consequently, the increased 
ventilatory work in COPD is not reflected by an in· 
crease in muscle fibre size of the diaphragm. On the 
contrary, a 16% reduction in the least diameter of 
diaphragmatic muscle fibres has been found, and this 
reduction in fibre size is present in both ST (15%) and 
FT fibres (18%) (48, 49). The small muscle fibre size 
of the diaphragm in COPD patients may indicate 
over-use atrophy as observed in limb skeletal muscle of 
extremely endurance-trained athletes (64). However, at 
present, this aspect is debated, since values are not 
available on either subgroups of FT fibres or capillary 
supply in the diaphragm of COPD patients. 
Furthermore, the effect of COPD on the diaphragm is 
probably more complicated than disuse or over-use 
atrophy, because COPD patients have generalized 
muscle weakness to which d ifferent factors 
contribute [16). 
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Table 3. - Fibre size of human respiratory muscles 

Subjects Inspiratory Expiratory 

Diaphragm Intercostal muscles 

n Age External Internal Ref. 

Costal% Lateral% Parasternal % Lateral % 

M/F yrs ST Ffa Ffb ST Ffa Ffb ST Ffa Ffb ST Ffa Ffb 

Fibre cross-sectional area 1-1m2 

Postmortem 
3/2 17-72 2640 1960 1520 2830 2060 1810 (45] 
8/0 17-51 2320 2350 2120 2790 3350 2980 2600 3350 3000 3680 5360 (7] 

Thoracotomy 
N 5/1 28-67 2720 2760 2820 2840 4560 - [50] 

Fibre diameter 1-1m 

Thoracotomy 
4/4 <60 49 50 (47] 

N 8 54 62 59 48 47 48 47 (48] 
N 10 47 60 55 (49] 
N 5/1 28-67 45 44 45 45 57 (50] 

COPD 18 47 50 47 47 46 49 56 (48] 
COPD 8 55 54 47 (49] 
COPD 22 24- 77 so 41 49 40 (54] 
COPD 17- 39 60 48 40 44 44 42 41 (52] 

N: normal ventilatory function; COPD: chronic obstrucitve pulmonary disease; ST: slow-twitch; Ff: fast-twitch . 

Relation to ventilatory function. Although fibre type 
distribution and the number of capillaries in the 
diaphragm are similar to those obtained from limb 
skeletal muscles of untrained individuals, the lower 
diffusing distance, indicating a greater oxidative 
potential, represents an adaptive response to the con
stant use of the diaphragm during ventilation. 

A regional difference in muscle fibre size indicates 
an adaptive response to different function. The costal 
parts of the diaphragm have inspiratory functions not 
only to lower the central aponeurosis but also to expand 
the lower rib cage [65, 66]. This finding may imply 
that the costal part carries relatively larger loads during 
contractions. Indirect evidence is a positive correlation 
between forced vital capacity (FVC) or forced expira
tory volume in one second (FEV ) and muscle fibre 
size of the costal diaphragm [49j. However, such a 
correlation has not be established for muscle fibres of 
the crural diaphragm [ 49] or for the inspiratory 
intercostal muscles [50-52]. 

Intercostal muscles 

Autopsy materials. Because of the inspiratory function 
of the EXT, and the expiratory role of the lateral INT 
(fig. 1), morphological characteristics of these two 
muscle layers are considered to be different. Further-

more, the functional difference between the inspiratory 
parasternal INT and the expiratory lateral INT may 
induce similar histochemical differences. Indeed it has 
been shown that fibre morphology and capillary supply 
of intercostal muscles are bound to functional differences 
rather than to anatomical classification as EXT or INT 
[7]. 

The relative occurrence of ST fibres is the same for 
all the investigated intercostal muscles (62% ), while the 
expiratory INT have more FTa fibres (35%) than the 
inspiratory INT and EXT (22%) (fig. 1 and table 2) 
[7, 45]. Accordingly, the expiratory INT have far fewer 
Fib fibres (1 %) than the inspiratory intercostal muscles 
(19%) (fig. 4). Thus, fibre type distribution of the 
inspiratory intercostal muscles is similar to that of limb 
skeletal muscles in non-athletes, whereas the almost 
complete lack of Fib fibres in the expiratory INT makes 
them resemble, and even exceed, fibre type distribution 
of muscles from extremely well-trained athletes in 
endurance events (table 1). Both the inspiratory and 
expiratory intercostal muscles have at least 10% more 
ST fibres than the diaphragm and most other skeletal 
muscles [1]. The absence of FTb fibres in the expira
tory INT together with a proportion of ST fibres similar 
to the inspiratory INT and EXT suggests independent 
control of factors governing fibre type expression 
according to the two major types (ST vs FT) and the 
subgroups of FT fibres (FT a vs FTb ). Of note is the 
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Table 4. - Diffusing distance between capillaries and 
muscle fibres 

Inspiratory Expiratory 

Diaphragm Intercostal muscles 

External Internal 

Costal Lateral Parasternal Lateral 

Fibre area per capillary ~-tm2 

Postmortem (7) 

ST 450:t30 630:t40 
Ffa 520:40 790:t80 
Ffb 540:40 750:t80 

Thoracotomy [50) 

ST 620:t40 
Ffa 740:t70 
Ffb 890:t70 

570:50 680:t20 
700±50 940:t40 
790:t80 

560:40 
940:tl20 

Fibre circumference per capillary ~-tm 

Postmortem (7) 

ST 37±1 48:t2 
Ffa 43:t2 55:t3 
Ffb 45:t2 57:t3 

Thoracotomy (50) 

ST 45:t2 
Ffa 55:t4 
Ffb 67±4 

ST: slow-twitch; Ff: fast-twitch. 

43:t2 42:tl 
49:t3 47:t2 
57:t2 

39:2 
52:3 

finding that the range of relative occurrence of ST 
fibres is less in the intercostal muscles (55-80%) than 
in vastus lateralis muscles (10-70%) [7). A narrow range 
of the ST fibre proportion has been suggested to occur 
as an adaptive response to an increased use of leg 
muscles [67]. 

The mean cross-sectional area for the expiratory INT 
is large ( 4,300 f..lm2) as compared with the inspiratory 
INT and EXT (2,900 J.tm2

) (table 3). The inspiratory 
intercostal muscles show no significant difference in 
the cross-sectional area between sample sites (7] and 
have a similar value to the diaphragm (table 3). The 
larger fibre area of the expiratory INT is reflected by a 
greater area for both ST (3, 700 j.tm2

) and FT a fibres 
(5,400 14m2) [7). Thus, the expiratory INT have large 
muscle fibres, and FTa fibres are the largest. This result 
is in contrast to the inspiratory intercostal muscles in 
which a similar area is seen among the different fibre 
types. 

The expiratory INT have a greater number of 
capillaries per fibre (2.3) than the inspiratory INT and 
EXT (1.6). Accordingly, more capillaries are found 
around both ST and FTa fibres (5-6) than in the 
inspiratory intercostal muscles ( 4-5). These differences 
are further emphasized by the finding that the 
expiratory INT in the eighth intercostal space, which 
are the most active for expiration during normal 
breathing as well as non-ventilatory tasks [2, 3, 68-71 ], 
show the fewest F1b fibres (0.3%) and the largest fibre 
area (4,000 J.tm2 for ST and 5,900 J.tm2 for FTa fibres) 
supplied by the highest number of capillaries (2.4 
capillaries per fibre) among the investigated intercostal 
muscles [7]. 

50 pm 

Fig. 4. - Photomicrographs of serial transverse sections from the inspiratory external (left panels) and the expiratory internal intercostal 
muscle (right panels) obtained from the 5th intercostal space in the mid-axillary line and incubated for myofibrillar ATPase activity with 
preincubations at pH 4.6 (upper panels) and pH 4.3 (lower panels). Three fibre types are observed in the external intercostal muscles, whereas 
only ST and FTa fibres are distinguished in the internal intercostal muscles. For abbreviations see legend to figure 2. 



INSPIRATORY AND EXPIRATORY MUSCLES 593 

When diffusing distance is expressed as fibre area per 
capillary, the large fibres of the expiratory EXT (table 
3) have the largest area per capillary and thus the long
est diffusion distance among all the respiratory muscles 
studied [7] (table 4). However, for a muscle containing 
large fibres induced by increased use, the area per 
capillary ratio may not be an appropriate index for dif
fusing distance. It is evident in electron-microscopic 
characteristics of human limb skeletal muscles that the 
predominant location of mitochondria is underneath 
the sarcolemma. Furthermore, a pronounced increase in 
mitochondrial volume under the surface is observed for 
both ST and FT fibres following endurance training [72, 
73). When the intracellular localization of mito- chondria 
is considered with the use of fibre circumference per 
capillary, the large fibres of the expiratory INT show a 
value similar to the inspiratory INT and EXT as well as 
the diaphragm [7] (table 4). Furthermore, all respiratory 
muscles show the lowest value for ST fibres (37-48 
14m) with slightly higher values for FT a fibres ( 43-55 
14m) and the highest value for Frb fibres (45-67 !!ffi). 
This order of diffusing distance is constant with that of 
oxidative potential such as mitochondrial enzyme ac
tivities which are highest in ST, intermediate in FTa 
and lowest in Frb [1). Thus, the circumference per 
capillary index may be of value to describe the diffus
ing distance, in particular for muscles generating rela
tively high tension during repetitive contractions as 
suggested in limb skeletal muscles [45]. In the respira
tory muscles this is the case for the expiratory INT. 

Patients. Results from patients with normal ventilatory 
function or with COPD are consistent with the histo
chemical profile of intercostal muscles obtained from 
autopsy of normal humans. Thus, the relative occur
rence of ST fibres is the same (62%, table 2) [25, 47, 
48, 50]. Some patients with COPD have a slightly lower 
value for ST fibre proportion ( 49% ), and this applies 
for both the inspiratory EXT and expiratory INT [51, 
52]. The difference in relative occurrence of FTa and 
FTb fibres between the inspiratory intercostal muscles 
and the expiratory INT in normal subjects is represented 
in patients as well [50]. 

A second similarity among patients and normal 
subjects is the relative size of FTa fibres which are 
larger in the expiratory INT than in the inspiratory 
EXT, expressed as the cross-sectional area [50) (table 
3). SANcHEZ et al. [48] did not observe such a difference 
in muscle fibre size expressed by the least diameter. 
Since a curvilinear relationship exists between the cross
sectional area and the least diameter of muscle fibres 
(fig. 3), the difference in fibre size between inspiratory 
and expiratory intercostal muscles may have been 
too small to be detected by the use of the least diam
eter. Like the diaphragm, however, patients with COPD 
have a 15% reduction in the least diameter of FT fibres 
of the expiratory INT [51, 52]. On the contrary, this 
reduction is not observed in the inspiratory EXT [51). 

Thirdly, when capillary supply is considered, the 
highest values are observed for the expiratory INT in 
patients with normal ventilatory function [50]. Thus, 

the number of capillaries per fibre and surrounding each 
fibre are 1.6 and 5 for the expiratory INT and 1.3 and 
4 for the inspiratory EXT. These values for capillary 
supply are 20-30% lower than values observed in nor
mal subjects. The area index for diffusing distance is 
greater in the expiratory INT than in the inspiratory 
EXT, whereas a similar value for the circumference 
index is observed among these two muscle groups in 
patients undergoing thoracotomy (table 4). The values 
for both indices are similar among normal subjects and 
patients with normal ventilatory function. No data on 
capillary supply in intercostal muscles are available for 
COPD patients. 

FTb 

Relative 
fibre type r. 

dletrlbullon ~ 

Expiratory 
lntercottal 

lnaplratory Cotter 
mute!.. diaphragm 

6 
0 
<) 

M. vaatua 
leterelle 

Fig. 5. - Schematic illustration of findings in expiratory and 
inspiratory intercostal muscles, the costal diaphragm and m. vastus 
lateralis of normal subjects (MIZUNO and SECHER [7]. Relative fibre 
cross-sectional area and the number of capillaries are indicated. 
Relative fibre type distribution; e: ST; 0: FTa;O: FTb. ST: slow· 
twitch; FT: fast-twtich. 

Relation to ventilatory function. A lack of FTb fibres, 
muscle fibre hypertrophy and capillary proliferation in 
the expiratory INT (fig. 5) indicates that these muscles 
are intensively recruited with relatively large force 
development during repeated contractions. One expla
nation for the apparent intense use of the expiratory 
INT is that their relative small mass is recruited 
extensively even during quiet breathing. In contrast, in
spiration is shared among the diaphragm, parasternal 
INT, EXT, scalene and sternomastoid muscles [2, 3, 71, 
74-78]. Thus, it is likely that the inspiratory muscles 
are loaded below training stress, while the expiratory 
INT are overloaded routinely. This aspect on the ex
piratory INT is further confirmed with the observation 
that a positive correlation between forced expiratory 
function (FVC, FEY) or maximal ventilatory volume 
(MVV) and fibre size of the expiratory INT is found in 
patients, including those with COPD [48, 50-52). 

In dogs sonomicrometric measurements of muscle 
length during spontaneous breathing have suggested that 
the lateral INT and EXT are antagonistic to rotation of 
the trunk rather than to moderate ventilatory efforts [79). 
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However, postural function alone does not explain 
the distinct histochemical characteristics of the 
expiratory INT, because the abundant, large and capil
lary rich FTa fibres are found only in humans and not 
in rats [46, 80], cats [81, 82), dogs [83] or baboons 
[84]. Thus, despite the correlation found between 
ventilatory function and fibre size of the expiratory INT, 
their apparent histochemical characteristics may reflect 
an adaptive response to non-ventilatory tasks such 
as vocalization and upright posture in performing 
Valsalva-like manoeuvres during lifting, carrying and 
reaching. 

Extrathoracic muscles 

The relative occurrence of ST (59%), FTa (22%) and 
FTh (17%) fibres in the scalene muscles of autopsy 
materials is similar to that reported for the inspiratory 
intercostal muscles [ 45]. The proportion of ST fibres 
exceeds that found in most of the skeletal muscles 
including the diaphragm (tables 1 and 2). The fibre 
cross-sectional area of the scalenes (1,900 ~m2) is 
smaller than that reported for the other inspiratory 
muscles [45]. This difference is reflected by a smaller 
cross-sectional area of FTa (1,500 ~m2) and FTb fibres 
(1,200 ~m2), whereas the ST fibres (2,300 ~m2) have a 
similar area to that of the other inspiratory muscles (table 
3). Thus, ST fibres are larger than FT fibres in the 
scalenes, as also found in the diaphragm. 

In patients with COPD intense EMG activity is 
recorded in the scalenes and hypertrophy is 
visually recognized (85], suggesting that these muscles 
are involved increasingly during normal breathing. The 
increased work of the scaleoes in severe COPD 
probably reflects the impaired function of the 
diaphragm due to its lower position caused by emphy
sema. 

The sternomastoid muscles have a smaller proportion 
of ST fibres (35%) than other respiratory muscles [86]. 
Explanation of this finding, as well as information on 
the proportion of subgroups of FT fibres is lacking. The 
size of muscle fibres in patients with COPD is smaller 
than in normal subjects [87). 

The expiratory extrathoracic muscles, the abdominal 
muscles including the rectus and transverse as well as 
the external and internal oblique, have 54% ST 
fibres in normal humans [86] and in patients undergo
ing abdominal surgery [88]. In these patients FTa 
(20%) and FTb fibres (23%) are evenly distributed. The 
fibre size, expressed as the mean least diameter, is 
similar among the abdominal muscles and among three 
fibre types (52 ~m) with the exception of FTa fibres 
(45 ~m) in the transverse abdominal muscle, which are 
smaller [88]. These values are within the range 
determined in other respiratory muscles (table 3). 
As noticed for the scalene muscles, patients with severe 
COPD use the abdominal muscles extensively 
during breathing [89, 90]. However, the fibre size of 
abdominal muscles in COPD patients has not been 
reported. 
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Fig. 6. -The relative occurrence of ST fibres determined in expira
tory internal (lNT), inspiratory external intercostal muscles (EXT) 
and the costal diaphragm (DIA) in relation to age. •· Q, eg from 
KEENS et al. (91); e, 0, ®from MIZUNO and SECKER (7) and MIZUNO 
et al. [50]; ! from SANcKEz et al. [48, 49] and~ from LlEBERMAN 
et al. [57]. The values from autopsy materials and patients with 
normal ventilatory capacity are plotted as mean±sD .• e .6: INT; Q 
0 6: EXT; eg ® 4 ~: DIA; ST: slow-twitch. 
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Fig. 7. - Mean fibre cross-sectional area of expiratory internal 
(INT), inspiratory external intercostal mus~les (EXT) and the costal 
diaphragm (DIA) in relation to age. The values are pooled data 
from M1ZUNO and S.ECKER [7] and MIZUNO et al. (50], and expressed 
as mean±sn. The number of observations is 6 for 24 yrs. 5 for 47 
yrs and 3 for 65 yrs. Among INT the value for 65 yrs is significantly 
lower than those for the other two groups (•p<0.05). e: INT; 0: 
EXT; ®: DIA. 

Histochemical changes with ageing 

In the diaphragm and inspiratory as well as in expira
tory intercostal muscles, fibre type differentiation is 
completed by the age of two years [91, 92). Thereafter, 
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Table 5. - Enzyme activities of human respiratory muscles 

Subjects Muscles Phosphorylase Hexokinase Lactate Succinic Citrate 3-hydroxyacyl- Ref. 
0 Age dehydro- dehydro- synthase coenzyme A 
MIF yrs geoase genase dehydrogenase 

Normal ventilatory function 

10 50 DIA 6.7:0.6 1060:110 34:3 59:3 [102] 
5/1 28-67 EXT 42 (26-52) 8.1 (6.1-9.7) 29 (22-40) 29 (20- 38) [50] 
9 53 EXT 6.1 (5.6-6.6) 1160 (90Q-1500) 30 (26-33) 41 (35-48) (103] 
5!1 28-67 INT 44 (21-60) 7.8 (6.8-8.5) 26 (21- 33) 26 (20- 35) (50] 
9 53 INT 6.1 (5.6-6.6) 1160 (1000-1400) 26 (22-31) 35 (30-42) (103) 

Chronic obstructive pulmonary disease 

11 8 DIA 4.8:t0.6 630:70 32:3 50:5 (102] 
22 24-77 EXT 39:5 (51] 
11 52 EXT 6.7 (6.0-7.3) 980 (80Q-1100) 38 (33-47) 54 (45- 67) (103] 
22 24-77 INT 37:4 (51] 
11 52 INT 6.9 (6.2-8.0) 970 (70Q-1200) 34 (28-39) 47 (41- 55) (103] 

DIA: costal diaphragm; EXT: external intercostal muscles; INT: internal intercostal muscles. Enzyme activities are expressed 
as j.lmol·min·1·g·1 dry weight of protein determined at 25°C. Values are means:tSEM or with a range in parenthesis. 

Table 6. - Substrata concentrations of human respiratory muscles 

Subjects Muscles ATP PCr Glycogen Lactate Ref. 
n Age 
MIF yrs 

Normal ventilatory function 

4/8 48-78 EXT 13:1 48:t2 191:9 6:t2 (54] 
511 28-67 EXT 277 (158-362) 20 (11-33) [108] 

INT 380 (221-575) 18 (9-26) (108) 

Chronic obstructive pulmonary disease 

10/2 46-75 EXT 10:2 46:5 204:30 12:2 (54] 
22 24-77 EXT 19:1 70:t3 250:t16 lO:tl [51] 

INT 19:t1 69:t3 310:t25 10:t2 (51] 
15-40 60 EXT 19 65 255 10 [52] 

INT 19 63 302 10 [52] 
DIA 20 55 315 10 [52] 

Substrate concentrations are expressed as ~-tmol·g·' dry weight. Values are means:seM 
or with a range in parenthesis. EXT: external intercostal muscles; INT: internal 
intercostal muscles; DIA: diaphragm; ATJ>: adenosine triphosphate; PCr: phospho-
creatine. 

the relative occurrence of ST fibres remains constant 
(fig. 6), as has been observed in limb skeletal muscles 
[93-96). A lower proportion of ST fibres. in the dia
phragm than in intercostal muscles appears to exist at 
all ages (fig. 6). 

The diaphragmatic muscle mass is maintained from 
early youth (19 yrs) to old age (91 yrs) [62). Accord
ingly, the fibre cross-sectional area of inspiratory 
muscles remains fa irly constant from the 20th to 65th 
year (fig. 7). In contrast, the expiratory INT appears to 
be approximately 20% smaller in fibre cross-sectional 
area after the age of fifty years due to a reduction of 

both ST and Ff fibre areas. Muscle mass of the thigh 
decreases (30%) more than the fibre cross-sectional area 
(15%) after the age of fifty years, suggesting that muscle 
atrophy with age reflects· not only a decrease in fibre 
cross-sectional area but also in the number of muscle 
fibres [97] . 

A functional equivalent to the reduced muscle mass 
in the thigh is a similar reduction in both static 
strength and dynamic power (97]. However, training 
maintains or even increases the work performance in 
elderly individuals [98, 99]. In the respiratory muscles, 
the reduced fibre cross-sectional area observed in the 
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expiratory INT may explain the reduction in FEV
1 

and 
MVV after the age of 35 yrs [100, 101). Conversely, 
the constant fibre size of inspiratory muscles with 
ageing is an indication of maintained use of these mus
cles. As previously mentioned, the large fibre size of 
expiratory INT is considered to be an adaptation to 
non-ventilatory rather than to ventilatory function so 
that their reduced size with age may reflect a more 
sedentary life style. 

Enzyme activities and substrate contents 

Mitochondrial and glycolytic enzyme activities 

Quantitative biochemical de terminations of substrate 
contents and enzyme activities are other expressions of 
altered degree of use. Mitochondrial enzyme activities 
represented by e.g. citrate synthase (CS) and 3-
hydroxyacyl-coenzyme A dehydrogenase (HAD) are 
within a range of values reported for skeletal muscles in 
the extremities of non-athletes [1) (table 5). The differ
ences noted between the histochemical characteristics 
of the expiratory INT and the inspiratory muscles is not 
reflected in the reported mitochondrial enzyme 
activities. In contrast to histochemical characteristics, 
mitochondrial enzyme activities adapt at an early 
stage of training or inactivity [104-107]. Thus, the fact 
that most biochemical data are obtained from patients 
admitted for surgery and not from normal individuals 
may have influenced the results due to reduced physical 
activity of patients during hospitalization. Additional 
evidence for this assumption is the finding that when 
biopsies have been obtained from patients with COPD, 
the mitochondrial enzyme activities in both inspiratory 
and expiratory intercostal muscles are higher than in 
other skeletal muscles [103). 

In patients with normal ventilatory function, 
HAD activity is slightly higher in the costal diaphragm 
(102) than in both the EXT and expiratory INT. CS 
activity as well as glycolytic enzyme activities, 
represented as hexokinase (HK) and lactate dehydroge
nase (LDH), are similar among these muscles (table 5) 
[50, 78, 102]. In COPD patients both HK and LDH 
activity in the costal diaphragm are lower than in 
intercostal muscles, while CS and HAD activities are 
similar [102]. 

In both inspiratory EXT and expiratory INT, CS and 
HAD activity are higher in patients with moderate COPD 
than in patients with normal ventilatory function [103). 
However, in patients with severe COPD, a similar 
mitochondrial enzyme activity exists for both the 
inspiratory EXT and expiratory INT [51]. 

Glycogen and lactate 

In the diaphragm and intercostal muscles the average 
glycogen content is 190-380 ~mol·g·1 dry weight 
and lactate varies from 7 to 20 ~-tmol·g·1 dry weight 
(table 6). The values observed in respiratory muscles 

are within a range reported for limb skeletal muscles. 
The wide range of values partly reflects the circum
stances under which the muscle biopsies were obtained. 
In normal subjects relatively high muscle lactate 
concentrations of 20 J.tmol·g·' dry weight are seen only 
after intense exercise [109). Such values observed in 
patients may be associated 'with metabolic acidosis due 
to muscle hypoperfusion during surgery. More likely 
the high concentration of lactate in intercostal muscles 
is caused by the use of a depolarizing muscle relaxant, 
such as suxamethonium for tracheal intubation, leading 
to muscle fibrillations which result in lactate accumula
tion (17). 

Independent of ventilatory function of the patients, 
the inspiratory intercostal muscles have 20% less 
glycogen content than the expiratory INT and the dia
phragm in surgical biopsies (table 6). However, when 
biopsies were taken during spontaneous breathing, and 
thus without the use of muscle relaxants, the inspiratory 
and expiratory intercostal muscles have similar glyco
gen contents [54). The ventilatory problems of 
patients with COPD appear to be reflected by a high 
lactate concentration in the inspiratory intercostal 
muscles [54]. 

Phosphagen 

Mean values of adenosine triphosphate (ATP) con
centration in the diaphragm and intercostal muscles range 
between 10 and 20 J,Amol·g·1 dry weight (table 6). The 
concentration of phosphocreatine (PCr) ranges from 60 
to 70 J,Amol·g·1 dry weight. These values are similar to 
those reported for limb skeletal muscles [1). A slightly 
lower PCr content (47 J.tmol·g·1 dry weight) has been 
reported in intercostal muscles obtained during sponta
neous breathing. This value may have resulted from 
biopsies being taken from working muscles as com
pared with others obtained from relaxed muscles during 
surgery. 

Effect of muscle relaxants 

It is a classical observation in animals that muscle 
relaxants affect respiratory muscles less than other 
skeletal muscles [110). This difference in effects among 
skeletal muscles exists in man and holds for both 
depolarizing and non-depolarizing neuromuscular 
blocking agents [111, 112]. Thus, a popular test for 
post-operative patients is to evaluate the ability for lifting 
the head in order to ensure that the strength of the 
respiratory muscles is restored after the use of 
neuromuscular blocking agents (113), 

In human [114, 115) as well as animal skeletal mus
cles [110, 116) it has been demonstrated that the non
depolarizing muscle relaxant tubocurarine affects ST 
fibres to a greater extent than FT fibres after a single 
dose which produce partial neuromuscular blockade. The 
larger proportion of ST fibres exists in intercostal and 
scalene muscles (approximately 65%) as compared with 
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the diaphragm (approximately 50%). This difference may 
partly explain the greater effects of non-depolarizing 
neuromuscular blocking agents on the scalenes and 
intercostal muscles as compared with the diaphragm 
(117). The fact that EMG activity in the diaphragm 
increases after the administration of Pavulon suggests 
that more unblocked diaphragmatic fibres are recruited 
when the other inspiratory muscles are blocked [117). 

In intercostal muscles a substantial decrease in intra
muscular glycogen and accumulation of muscle lactate 
takes place following the administration of the depolar
izing agent suxamethonium for tracheal intubation. 
Under this circumstance a marked glycogen depletion 
occurs particularly in FTb fibres [17]. More FTb 
fibres are present in the inspiratory intercostal 
muscles than in the expiratory INT. As noted previ
ously, this finding may explain the lower glycogen 
content in the inspiratory than the expiratory intercostal 
muscles among patients undergoing surgery, whereas 
no difference is noted in normal subjects. Thus, muscle 
fasciculations induced by the use of depolarizing agents 
appear to affect in particular the FTb fibres. 

On a broader comparison between different muscles, 
the histochemical classification of ST and FT fibres does 
not explain a difference in effects between non
depolarizing and depolarizing neuromuscular blocking 
agents. Moreover, the diaphragm is less affected by non
depolarizing agents than other skeletal muscles [111), 
which cannot be explained by the relative proportion of 
ST fibres alone. Therefore, unknown differences must 
exist at the neuromuscular junction between muscles or 
between muscle fibre types. This difference appears to 
be independent of the relative proportion of ST fibres. 

The heterogeneity of fibre types in the respiratory 
muscles, however, gives rise to some clinical consid
erations for postoperative patients. The head-lift test 
depends mainly on the strength of the sternomastoid 
muscle, which possesses only 35% ST fibres. Thus, the 
ability to perform head-lift may be less affected by 
non-depolarizing agents than the respiratory muscles. 
Furthermore, with the combined use of depolarizing and 
non-depolarizing neuromuscular blocking agents during 
surgery, postoperative ventilatory function may be 
impaired for two reasons: 1) persistent neuromuscular 
blockade of particularly ST fibres; and 2) weakness 
caused by the development of fatigue in glycogen 
depleted FT fibres. 

Conclusion 

Histochemical profiles indicate that the expiratory 
intercostal muscles have adapted to heavy and continu
ous activity in man. Because no similar characteristics 
reflecting training effects are observed in the inspira
tory muscles, the inspiratory work load seems to be 
insufficient to elicit such an adaptation. 

With ageing the expiratory (but not inspiratory) inter
costal muscles appear to show atrophy, indicating that 
the larger fibre size of the expiratory intercostal muscles 
is adapted to non-ventilatory rather than to ventilatory 

function despite a correlation with the results of stand
ard ventilatory functional tests. The demands on the 
expiratory intercostal muscles for vocalization and for 
performing Valsalva-like manoeuvres during lifting and 
reaching may cause this adaptation. The atrophy of these 
muscle fibres with age may simply reflect an increas
ingly sedentary life style. 

In patients with only moderate COPD, increased 
mitochondrial enzyme activities exist in both the 
inspiratory and expiratory intercostal muscles. In 
patients with severe COPD the activity of these enzymes 
decreases, and a reduction in muscle fibre size occurs, 
particularly in the diaphragm and the expiratory inter
costal muscles. Thus, the increased work of breathing 
in these patients seems to be accomplished by intense 
involvement of extrathoracic muscles, even during 
quiet breathing. 

Following the use of the depolarizing neuromuscular 
agent suxamethonium, a selective depletion of muscle 
glycogen occurs in fast-twitch (particularly FTb) fibres. 
Thus, the glycogen content of the expiratory muscles, 
which possess the fewest FTb fibres, appears to be 
greater than that of the inspiratory intercostal muscles 
in surgical patients. The lowest proportion of slow-twitch 
fibres in the diaphragm may account for the minimal 
effect of non-depolarizing neuromuscular agents on 
respiratory muscles. This characteristic does not, how
ever, explain the similar effect of depolarizing 
neuromuscular blocking agents. Thus, differences in 
muscle morphology alone do not provide an adequate 
explanation for the different sensitivity to neuromuscular 
blocking agents which exists between thoracic and 
extrathoracic respiratory muscles as well as between 
the respiratory muscles and limb skeletal muscles. 
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Muscles respiratoires humains: morphologie des fibres et 
apport cqpillaire. M. Mizuno. . 
RESUME: Chez l'homme, le dtaphragme (DIA) et les mus
cles abdominaux comportent approximativement 50% de fi
bres a reaction lente, alors qu'une proportion superieure (60%) 
est decelee dans les muscles intercostaux et les scal~nes. Tous 
les muscles respiratoires ont une distribution egale de fibres 
a reaction rapide (FTa et b) a !'exception des muscles 
intercostaux expiratoires, qui n'ont que peu de fibres FTb. 
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Les muscles inspiratoires ont des fibres d'une taille 
uniform6ment petite, A !'oppose des muscles intercostaux 
expiratoires dont les fibres sont plus grandes. La dimension 
des fibres des muscles inspiratoires se maintient au cours du 
vieillissement, alors que celle des muscles intercostaux 
expiratoires semble diminuer apres l'age de 50 ans. L'apport 
capillaire est plus abondant dans les muscles expiratoires, 
suivis par le diaphragme et les muscles inspiratoires 
intercostaux. Chez les patients atteints de 
bronchopneumopathies chroniques obstructives, on ignore si 

une reduction de la taille des fibres des muscles respiratoires 
thoraciques est causee par leur surutilisation due au travail 
ventilatoire accru ou par une mauvaise utilisation due a une 
implication accrue des muscles respiratoires extra-thoraciques. 
les caracteristiques histochimiques suggerent que, chez les 
sujets humains normaux, la charge des muscles inspiratoires 
est relativement faible au cours des contractions, alors que 
les muscles intercostaux expiratoires sont exposes a une 
activite continue marquee avec un charge importante. 
Eur Respir J., 1991, 4, 587-601. 




