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ABSTRACT

KYRÖLÄ INEN, H., R. KIVELÄ, S. KOSKINEN, J. MCBRIDE, J. L. ANDERSEN, T. TAKALA, S. SIPILA¨ , and P. V. KOMI.
Interrelationships between Muscle Structure, Muscle Strength, and Running Economy.Med. Sci. Sports Exerc., Vol. 35, No. 1, pp.
45–49, 2003.Purpose: The present study was designed to investigate possible differences in running economy (RE) among elite
middle-distance runners by examining muscle structure and maximal isometric force (MVC).Methods: Ten young male runners ran
at six different running speeds. During the running bouts, respiratory gases, and blood lactate were measured. Muscle biopsies were
obtained from the vastus lateralis muscle for analyzing fiber type distribution, muscle fiber area, myosin heavy chain (MHC)
composition, activities of a number of metabolic enzymes (citrate synthase, lactate dehydrogenase, phosphofruktokinase, and
3-hydroxyacyl-CoA-dehydrogenase), and titin isoforms.Results: Energy expenditure (EE) increased linearly up to the speed of 6.0
m·s�1. The relative distribution of the MHC isoforms was MHC I: 67.0%, MHC IIA: 31.5%, and MHC IIX: 1.5%. The present results
demonstrated that higher the area of Type II fibers, higher the MVC (r� 0.59,P � 0.05). The amount of MHC II correlated inversely
with EE when running close to the competition speed (r� �0.61,P � 0.05). Enzyme activities did not correlate significantly with
either RE or EE. Titin analysis revealed that a faster-mobility titin band was observed in all subjects, whereas a lower-mobility titin
band was observed only in the most economical runner.Conclusion: Differences in RE among homogeneous group of middle-distance
runners were observed at various running speeds. This may partly be explained by differences in muscle fiber distribution, MHC
composition, and titin isoforms.Key Words: ENERGY, MUSCLE FIBER, ENZYME, MYOSIN, TITIN

Numerous studies have been published on the maxi-
mal aerobic power of endurance athletes (4,23).
These investigations have shown the importance of

the maximal oxygen uptake (V˙ O2max) for endurance perfor-
mance. V̇O2max values have been reported to vary from 70
to 85 mL·kg�1·min�1 among male endurance runners (21).
Increased capillarization, activity of oxidative enzymes, and
mitochondrial density indicate the importance of the oxida-
tive capacity of skeletal muscle for endurance performance
(11).

Anaerobic characteristics may also play an important role
in determining endurance performance. It is possible that in
middle-distance running a lower oxygen uptake may be
compensated for by a greater anaerobic power and capacity
(7). However, recent discussion has arisen concerning the
role of the neuromuscular system in endurance performance
and running economy among middle-distance runners (17).
In interindividual comparisons, subjects trained in endur-

ance running are more economical than their untrained
counterparts (8). In addition, intra-individual day-to-day
variations (2–11%) in running economy have been observed
(20). It has been suggested that biomechanical factors may
account for a substantial portion of variations in running
economy, although it has been concluded that the biome-
chanical descriptors, in general, are not good predictors of
running economy (17).

On a structural level, contractile and elastic structures of
a tendomuscular system have been implicated as having
some importance concerning this issue. Bosco et al. (6)
found a positive correlation between Type II fibers and
energy expenditure at the running speed of 3.3 m·s�1; how-
ever, the relationship at faster speeds is not known. Further-
more, the role of skeletal muscle myosin heavy chain
(MHC) composition in oxygen utilization is unclear. The
stored elastic energy capabilities of tendomuscular tissue
have recently been of great interest (10). At the molecular
level, the large protein called titin, which has significant
elastic characteristics and acts as an anchor between the
Z-line and myosin within a single sarcomere, may have
importance in running energetics.

Further understanding of the interactions between muscle
structure, neuromuscular function, and oxygen demand re-
quires additional studies. Therefore, the main purpose of the
present study was to investigate possible differences in
running economy at different running speeds by examining
muscle structure and maximal muscle strength.
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METHODS

Subjects

Ten male national level middle-distance runners (age 23
� 3 yr, height 1.81 � 0.06 m, body mass 66.4 � 5.8 kg, and
body fat 7.8 � 1.6%) volunteered as subjects for the present
study. The V̇O2max, maximal heart rate, and peak blood
lactate (B-La) were measured in 7 of 10 subjects during
treadmill running with progressively increased load until
exhaustion, and their values were 74.5 � 5.1
mL·kg�1·min�1, 194 � 4 beats·min�1, and 12.1 � 2.8
mmol·L�1, respectively. All the runners were fully informed
of the procedures and possible risks of the experiment, and
they gave their written agreement to participate in this
project, which was part of their normal testing. The Ethical
Committee at the University of Jyväskylä approved this
study.

Procedure

After a 30-min warm-up (running and stretching accord-
ing to the individual procedure), the subjects were asked to
perform two maximal isometric contractions (MVC) of knee
extensor muscles. The knee angle was set at 107°.

After 10-min recovery, the subjects performed five sub-
maximal running bouts on an indoor track (Jyväskylä, Fin-
land). First, they ran for 3 min at a predetermined constant
speed of 4.0 m·s�1 (48 � 3% of the maximal speed), 5.0
m·s�1 (58 � 4%), and 5.5 m·s�1 (66 � 3%) with 8-min
recovery between each 3-min bout. After the 8-min recov-
ery, they ran 1 min at the constant speed of 6.0 m·s�1 (73 �
4%) and 7.0 m·s�1 (82 � 4%), having again 8 min of
recovery between each bout. Finally, after a 15-min recov-
ery, they performed three maximal sprints over a distance of
30 m, the run-up phase having been individually selected by
the subject. The mean (� SD) maximal speed was 8.50 �
0.57 m·s�1.

During submaximal running, the subjects ran around the
200-m-long track at the predetermined constant speed by
following the flashing lights of a speed control system
(Protom, Naakka Inc., Lappeenranta, Finland).

Measurements

In all running tests, the average speed was measured by
photocells (Newtest, Oulu, Finland). The respiratory gases
were measured continuously by the breath-by-breath
method (K4b2, Cosmed, Rome, Italy). The instrument was
regularly calibrated with known gas mixtures, and the mea-
sured values were corrected automatically into STPD. To
determine the physiological loading of the subjects, the
heart rate was recorded with a heart rate monitor (Polar
Vantage, Kempele, Finland). Blood samples were drawn
from a fingertip for blood lactate (B-La) analysis at rest and
immediately after each running bout.

Approximately 2 h after the running tests, needle bi-
opsies (a sample size of 100 –150 mg) were taken from
the middle portion of the vastus lateralis muscle. Local
anesthetics (2-mL lidocaine-adrenalin, 1%) were admin-

istered subcutaneously before incision of the skin. The
biopsy was divided into two portions. One portion for
enzyme activity measurements was frozen immediately in
liquid nitrogen and the other part for histochemical anal-
ysis was mounted on Tissue-TEK (Miles Inc., Elkhart,
IN) and frozen rapidly in isopentane, which was cooled to
�160°C in liquid nitrogen. The samples were stored at
�80°C until analyzed.

Analysis

Energy expenditure. In the expired-air analysis during
running, only 30 s of the steady state phase of the 3-min runs
and the last 20 s of the 1-min run were used for analysis. To
calculate the energy expenditure, an energy equivalent of
20202 J·L�1 oxygen was applied when respiratory exchange
ratio (R) was 0.82. The change of � 0.01 in R-value cor-
responds to � 50 J change in energy expenditure (19). This
method was utilized when B-La was negligible (�2.0 mM).
When B-La exceeded the mentioned threshold, its energetic
value was then calculated on the basis of an equivalent of 60
J·kg�1·mM�1 (3 mL O2·kg�1·mM�1) (22). Finally, this
value was added to the oxygen consumption and aerobic
energy cost obtained as described above. This sum value can
be referred to as the oxygen requirement or the equivalent
oxygen consumption (17). The heart rate values were de-
termined by averaging their values during the respective
steady state phase.

Muscle biopsy. From the freeze-dried muscle samples,
citrate synthase (CS), lactate dehydrogenase (LDH), phos-
phofructokinase (PFK), and 3-hyhroxyacyl-CoA-dehydro-
genase (HAD) activities were determined as described by
Saltin et al. (23). Enzyme activities at 37°C are expressed as
�mol·min�1·g�1 (dry weight).

For histochemical analysis, serial sections (10 �m) of the
muscle biopsy samples were cut in cryostat (�24°C), and
routine ATPase analysis was performed after preincubation
at pH of 4.37, 4.60, and 10.30 (9). Four different fiber types
were defined (Types I, IIA, IIAB, and IIB) according to
Staron et al. (24). To localize the muscle cell borders, the
sections were incubated with a 1:500 dilution of mouse
monoclonal antidystrophin (dys 2, Novocastra Laboratories,
Newcastle, UK) overnight at �4°C. After washing with
TRIS-buffered saline (TBS, pH � 7.5) the bound primary
antibody was visualized by avidin-biotin peroxidase kit
(Vectastain PK-4002, Vector Laboratories, Burlingame,
CA) using diaminobenzidine (Sigma, St. Louis, MO) as a
chromogen.

The serial sections were visualized and analyzed using an
Olympus BX50 microscope (Olympus Optical Co., Tokyo,
Japan), a Sanyo Hi-resolution Color CCD camera (Sanyo
Electronic Co., Osaka, Japan), and an eight-bit Matrox Me-
teor Framegrabber (Matrox Electronic Systems, Quebec,
Canada), combined with image-analysis software (Tema,
Scan Beam, Hadsund, Denmark). A fiber mask was auto-
matically found by the computer along the cell borders of
dystrophin immunostained sections. All incorrect borders
were excluded, and only horizontally cut fibers were used in
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the determination. A fiber number was assigned by the
computer to each individual fiber. Images of ATPase stain-
ings were fitted into the fiber mask. The staining of the each
individual fiber was divided into three groups: light, inter-
mediate or dark, and four different fiber types were defined
(Types I, IIA, IIAB, and IIB). The relative proportion of the
various fiber types, fiber type area, and fiber types sizes
were determined from 225 � 47 (mean � SD, range 150–
290 cells) representative cells.

From each biopsy, 10–20 serial cross-sections (10 �m)
were cut and placed in 100–200 �L of lysing buffer and
heated for 3 min at 90°C to analyze MHC composition using
SDS-PAGE gel electrophoresis. Between 5 and 20 �L of the
myosin-containing samples were loaded on a SDS-PAGE
gel containing 6% polyacrylamide and 30% glycerol. Gels
were run at 70 V for 42 h at 4°C (3). After fixation the gels
were Coomassie stained. Three different MHC bands can be
separated in normal adult human skeletal muscle with the
present electrophoresis procedure. These bands correspond
to the MHC isoforms I, IIA, and IIX (16). The percentage of
different MHC isoforms were determined using a densito-
metric system (Cream 1D, Kem-En-Tec aps, Copenhagen,
Denmark).

For titin analysis, 10–20 serial cross-sections (10 �m)
were cut from each biopsy and placed in 700 �L of lysing
buffer and heated for 10 min at 60°C. Between 5 and 10 �L
of samples were loaded on a SDS-PAGE gel containing
3.3% to 12.0% linear gradient gel with Fairbanks buffer
(14). Gels were run at 70 V for 24 h at room temperature and
silver stained (Silver Stain Plus, Bio-Rad Laboratories, Her-
cules, CA). For identification of the titin bands, the gels
were blotted to a PVDF membrane at 25 V overnight using
a Mini-PROTEAN II Trans-Blot Cell system. The mem-
branes were incubated with mouse monoclonal antititin (1:
500, Sigma) overnight at 4°C. After washing with buffer,
the bound primary antibodies were visualized by avidin-
biotin peroxidase kits for mouse by using diaminobenzidine
as a chromogen.

Statistical Analysis

Nonparametric statistical techniques were utilized in the
present study. Friedman’s two-way ANOVA (chi-square)
tested the effects of experimental conditions, and the Wil-
coxon matched-pairs signed-rank test emulated the t-test
with repeated measures. For analyzing the importance of
different variables on running economy, the method of
seemingly unrelated regression was used. In addition,
Spearman’s rank order correlation coefficient was used to
determine the relationship between the measured variables.
All data are presented as mean � SD.

RESULTS

Running economy. Oxygen consumption increased
from 46.1 � 2.3 to 60.8 � 3.6 mL·kg�1·min�1 (P � 0.001)
(from 65 to 82% V̇O2max, N � 7) and heart rate from 148 �
10 to 183 � 5 beats·min�1 (P � 0.001) with increasing

running speed from 4 to 7 m·s�1. At the same time, B-La
increased gradually from 1.8 � 0.5 to 8.1 � 0.9 mmol·L�1

(P � 0.001) and energy expenditure from 965 � 44 to 1436
� 77 J·kg�1·min�1 (P � 0.001) (Fig. 1).

Muscle structure. Muscle fiber distribution revealed
that Type I fibers dominated in the subject group: 64 � 16%
Type I, 24 � 8% Type IIA, 5 � 4% Type IIAB, and 6 �
10% Type IIB. The distribution of muscle fiber areas
showed a similar trend: 63 � 18%, 25 � 10%, 5 � 4%, and
6 � 9%, respectively. The mean size of the Type I fibers
were 5240 � 1605 �m2 and Type II fibers 5369 � 1585
�m2.

The mean distribution of MHC isoforms was 67.0 �
14.2% (range, 39.4–88.6%) for MHC I, 31.5 � 12.9%
(range, 11.4–52.5%) for MHC IIA, and 1.5 � 2.8% (range,
0–8.1%) for MHC IIX. The titin analysis revealed that one
titin band was observed in nine subjects, whereas two titin
bands were observed in only one subject (Fig. 2).

The mean muscle enzyme values of CS, LDH, PFK, and
HAD were 53 � 9, 1833 � 1086, 204 � 48, and 257 � 18
�mol·g�1 dry weight·min�1, respectively.

Neuromuscular capacity of knee extensors. The
mean maximal force value was 1426 � 286 N, and the rate
of force development was 5281 � 1482 N·s�1. The maximal
force correlated positively with the area of the Type II fibers
(r � 0.59, P � 0.05), whereas the area of the Type I fibers
had a trend for negative correlation with MVC (r � �0.56,
P � 0.08).

Muscle structure versus running economy. At the
slowest running speeds, there were not any significant cor-
relations between running economy (oxygen uptake or en-
ergy expenditure) and either muscle fiber distribution or
MHC composition. However, at the running speed of 7
m·s�1, the oxygen consumption and energy expenditure

FIGURE 1—Mean (� SD) energy expenditure with increasing run-
ning speed. The values were corrected by the energetic values of blood
lactate (22). Asterisks denote the statistical differences as compared
with the previous condition. * P < 0.05, ** P < 0.01, and *** P < 0.001.
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both correlated with Type II fiber area (r � �0.67 and
�0.67, P � 0.05) and with Type IIB fiber distribution (r �
�0.63 and �0.64, P � 0.05, respectively). In addition,
Figure 3 demonstrates that the higher the percentage of
MHC II, the lower the energy expenditure at the speed of 7
m·s�1 (r � �0.61, P � 0.05).

DISCUSSION

The major findings of the present study can be summa-
rized as follows: 1) Energy expenditure corrected by B-La
energy equivalent increased linearly up to a speed of 6
m·s�1. 2) At a speed of 7 m·s�1, energy expenditure was
inversely correlated with the amount of MHC II and with %
Type II fibers. In addition, the percentage of Type II fibers
and fast MHC isoforms correlated positively with the max-
imal force and with the rate of force production.

The maximal values of oxygen consumption and heart
rate do not seem to explain running economy at the sub-
maximal running speeds, especially, at the speed of 7 m·s�1,

neither does the dominating role of Type I fibers (64%) with
higher oxidative capacity explain oxygen utilization. On the
other hand, the more MHC II/Type II fibers, the less oxygen
they used when running close to the competition speeds.
These results are in agreement with earlier findings of
Kaneko et al. (15), who found that endurance-trained run-
ners were more economical than sprinters at lower speeds,
whereas sprinters were more economical at faster speeds.
The results of the present study are, however, in contrast
with results of Bosco et al. (6). They found a positive
correlation between Type II fibers and energy expenditure
but the running speed they used was very slow, only 3.3
m·s�1. Thus, the relative amount of fast MHC seems to
affect running economy, as well as it affects maximal force
production and rate of force development (1). Additionally,
the present data confirm earlier findings of very low MHC
IIX expression in the muscles of endurance runners, sug-
gesting that this MHC isoform is down regulated by the type
of activity (2).

In the present study, due to a methodological limitation,
oxygen consumption and energy expenditure values at the
higher running speeds should, however, be interpreted with
caution. The submaximal running tests of 1-min duration
were obviously not enough to reach the highest possible
oxygen consumption. Thus, the equivalent oxygen con-
sumption may have been underestimated. As the lactate
turnover versus clearance can be studied only in laboratory
conditions, the method of di Prampero (22) was used to
estimate the equivalent energy expenditure.

In a review article, Bassett and Howley (5) stated that the
speed corresponding to lactate threshold is the best physi-
ological predictor of distance running performance. They
also recognized the importance of skeletal muscle factors
such as capillary density and oxidative enzyme levels in
determining the lactate threshold. The present findings
among middle-distance runners did not show a relationship
between muscle enzyme activities and the variable of run-
ning economy. On the other hand, middle-distance runners
are adapted to different energy metabolism than long-dis-
tance runners. Thus, the present results in middle-distance
running further emphasize the role of Type II fibers and
ability to achieve a fast rate of force production. This was
true, especially, at the speeds of 6 and 7 m·s�1, when the
oxygen requirement was well above the V̇O2max. The mea-
sured oxygen uptake during running at those speeds was
about 83% of their V̇O2max, when it could be expected that
most of the motor units were active in working muscles.
Therefore, the difference in oxygen uptake can be expected
in runners having different muscle structure. The higher the
number and area of Type II fibers, the lower the oxygen
consumption but higher B-La production. Thus, when more
and more motor units are recruited at the higher speeds, the
importance of Type II fibers increases together with anaer-
obic energy metabolism.

Titin, a large elastic protein acting as anchor between the
Z-lines and myosin within the sarcomere, may play a sig-
nificant role in running economy. Whereas myosin is di-
rectly involved in the force production processes of muscle

FIGURE 3—The relationship between the energy expenditure and
MHC II.

FIGURE 2—SDS-PAGE analysis of titin. A, The faster-mobility band
(subject 1, S1) was observed in all 10 subjects, whereas only subject 2
(S2) showed also lower-mobility band. The samples from subjects 1
and 2 were mixed to ensure that subject 2 had lower-mobility band. A
protein standard (ST) marked the location of myosin (Kaleidoscope
Prestained Standard, Bio-Rad). B, Western blot of similar gels as in A
with titin antibody.
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contraction, titin is thought to have effects on the elastic
characteristics of the muscle fibers (25). In the present
study, all 10 subjects expressed the faster-mobility titin
band. Only one subject expressed the lower-mobility titin
band as well. This raises the question of whether the faster-
mobility titin is more beneficial to middle-distance runners.
Rabbit psoas muscle expresses the faster-mobility isoform
(3.35 MDa), whereas rat soleus muscle expresses the largest
titin isoform observed so far (3.7 MDa, rat) (12). The size
difference between these two isoforms results from a shorter
proximal tandem Ig and PEVK segments in psoas muscle. In
a passive model, these segments behave as serially linked
entropic springs in skeletal muscle (18). In short sarcomere
extension, these springs are in a contracted state with high
entropy, whereas on sarcomere extension the springs
straighten, lowering their conformational entropy and re-
sulting in a force. Thus, passive tension increase is steeper
with increasing sarcomere length in psoas than in SOL
muscle (12), suggesting better utilization of elastic energy.
In the present study, the subject who expressed two titin
isoforms was surprisingly the most economical (5% as com-
pared with the mean of other runners). This suggests the

possible importance of the lower-mobility titin band as for
an element increasing elasticity. However, Fry et al. (13)
showed that each studied subject expressed the same titin
isoforms in VL, GA, and SOL, and exercise did not appear
to effect titin isoform composition. Further studies are
needed to determine whether different titin isoform compo-
sitions are beneficial to specific athletes and whether exer-
cise is a stimulus for composition changes.

In conclusion, muscle structure seems to play an impor-
tant role in explaining differences of running economy
among a group of homogeneous middle-distance runners.
This may partly be explained by differences in muscle fiber
distribution, MHC composition, and titin isoforms.
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