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ABSTRACT

BISHOP, D., D. G. JENKINS, M. MCENIERY, and M. F. CAREY. Relationship between plasma lactate parameters and muscle
characteristics in female cyclists.Med. Sci. Sports Exerc.,Vol. 32, No. 3, pp. 1088–1093, 2000.Purpose: In a previous study, we
showed that when six different plasma lactate parameters (LPs) were compared, the LP determined by the Dmax method was the best
predictor of 1-h cycling performance in women. The present study extended these findings to determine whether or not the relationship
between the following six LPs and endurance performance could be explained by their relationship with muscle fiber characteristics:
1) lactate threshold (LT; the power output at which plasma lactate concentration begins to increase above the resting level during an
incremental exercise test), 2) LT1 (the power output at which plasma lactate increases by 1 mmolzL21 or more), 3) LTD (the lactate
threshold calculated by the Dmax method), 4) LTMOD (the lactate threshold calculated by a modified Dmax method), 5) L4 (the power
output at which plasma lactate reaches a concentration of 4 mmolzL21), and 6) LTLOG (the power output at which plasma lactate
concentration begins to increase when the log([La2]) is plotted against the log(power output)).Methods: Twelve trained female cyclists
(27.3 6 5.4 yr) first completed an incremental cycle test to determine both their LPs and peak V˙ O2. One week later, endurance
performance was assessed as the average absolute power output maintained during a 1-h endurance test (OHT). Resting muscle was
sampled by needle biopsy from m. vastus lateralis and analyzed for fiber type diameter, fiber type percentage, 2-oxoglutarate
dehydrogenase (OGDH) activity, and phosphofructokinase (PFK) activity.Results: OHT performance was more strongly correlated
with all LPs (r 5 0.71–0.89,P , 0.05) than with peak V˙ O2 (Lzmin21, r 5 0.65,P , 0.05). OGDH activity, PFK activity, and the
percentage of Type I fibers were not related to peak V˙ O2, any of the LPs, or OHT performance. The diameter of the Type II fibers,
however, was negatively related to OHT performance (r5 20.77,P , 0.01) and to four of the LPs (r5 259 to20.86,P , 0.001).
Conclusions:These correlations, which indicate that large Type II fibers may impair endurance performance, may be the result of
greater production and/or reduced removal of lactate from the larger, glycolytic Type II fibers. LPs most strongly correlated with Type
II fiber diameter were also most strongly correlated with OHT performance.Key Words: PEAK V̇O2, LACTATE THRESHOLD,
Dmax, FIBER COMPOSITION, FIBER AREA, FIBER DIAMETER, 2-OXOGLUTARATE DEHYDROGENASE, PFK

Despite the widespread use of blood and plasma
lactate concentrations in both performance assess-
ment (39,44) and training prescription (12,30,31),

interpretation and application of changes in lactate levels
have varied considerably. A number of methods are based
on the observation that lactate levels change suddenly at
some critical work rate and thus reflect a threshold phenom-
enon (8). For example, some authors consider a “lactate
threshold” to occur at the work rate preceding the first
increase in lactate concentration above the resting level
(44); others have suggested that the work rate preceding the
first increase in lactate concentration of 1 mmolzL21 or
greater is related to endurance ability (43). To overcome the

disadvantages of visual, subjective determination of “lactate
thresholds,” lactate parameters (LPs) may also be identified
by using various curve fitting procedures such as a log-log
transformation (2) or the Dmax method (10). Other research-
ers have proposed that a fixed lactate level, such as 4
mmolzL21, can predict endurance performance (31). How-
ever, although a number of competing models exist to fit
lactate concentration data during incremental exercise, there
has been little comparison between models.

We have recently shown that, when six different LPs
were correlated with 1-h cycling performance, the LP de-
termined by the Dmax method (LTD) was most highly cor-
related with endurance performance in trained female cy-
clists and provided the best estimate of 1-h race pace (4).
The question remains, however, as to why some LPs are
better predictors of endurance performance than others.
Previous research has demonstrated that muscle oxidative
capacity is one of the most important determinants of en-
durance performance (17). Oxidative capacity also appears
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to play an important role in determining the lactate threshold
(28). Therefore, LPs that are more closely related to muscle
oxidative capacity may be better predictors of endurance
performance. The purpose of the present study, therefore,
was to extend our previous findings and determine whether
the relationship between different LPs and endurance per-
formance could be explained by their relationship with
selected muscle fiber characteristics.

METHODS

Subjects. Twelve female cyclists and triathletes, aged
27.36 5.4 yr, participated in this investigation. Their height
was 1706 34 cm, mass was 59.86 6.3 kg, and peak V˙ O2

was 48.16 6.3 mLzkg21zmin21. After being fully informed
of the risks associated with participation, each subject gave
her written consent. The testing procedures were approved
by the Medical Research Ethics Committee of The Univer-
sity of Queensland.

Experimental overview. Testing was conducted over
7 d and included an incremental test to determine both peak
V̇O2 and the LPs, a test to determine 1-h endurance test
(OHT) performance, and a muscle biopsy. One week sepa-
rated the two performance tests, and each was conducted at
a similar time of the day. Subjects were asked to maintain
their normal diet and training throughout the study and to
standardize their exercise routine for the day before each
test. They were also instructed to be adequately hydrated
and to not have eaten for 3 h before each test.

Peak oxygen uptake. Peak V̇O2 was determined on an
electronically braked cycle ergometer (Lode Excalibur
Sport, Quinton, Groningen, The Netherlands) using a con-
tinuous test modified from that described by Bruce et al. (9).
The saddle and handlebar positions of the cycle ergometer
were adjusted to resemble the cyclist’s own bike, and the
subjects completed a 5-min warm-up cycling against a re-
sistance of 50 W. The peak V˙ O2 test commenced at an initial
workload of 50 W and increments of 25 W were applied at
3-min intervals until exhaustion. During the exercise proto-
col, expired air was collected each minute in Douglas bags
and later analyzed forFEO2 and FECO2 using Ametek gas
analyzers (SOV S-3A11 and COV CD3A, Pittsburgh, PA).
Ventilation (V̇E) was also recorded every minute using a
turbine ventilometer (Morgan, Model 096, Kent, England).
The endpoint of work was volitionally determined by the
subjects, although each was verbally encouraged to continue
cycling for as long as possible.

The gas analyzers were calibrated immediately before
and after each test using a certified gravimetric beta gas
mixture (Commonwealth Industrial Gas Ltd, Brisbane, Aus-
tralia); the ventilometer was calibrated preexercise and pos-
texercise using a 1-L syringe in accordance with the man-
ufacturer’s instructions.

Lactate analysis. Fingertip capillary blood (20mL)
was sampled in the last 30 s of each 3-min work bout during
the incremental test. Plasma lactate was determined from
these samples using reflectance spectrophotometry (Kodak
Ektachem DT60, Doncaster, Australia). Six descriptors of

lactate increase were calculated using a custom-written pro-
gram (Labview 3.1.1, National Instruments, Austin, TX): 1)
LT, the power output preceding the first increase in lactate
concentration above the resting level (44); 2) LT1, the power
output preceding a plasma lactate increases of 1 mmolzL21

or more (43); 3) LTLOG, the power output at which plasma
lactate concentration begins to increase when the log([La2])
is plotted against the log(power output) (2); 4) L4, the power
output at which plasma lactate reaches a concentration of 4
mmolzL21 (31); 5) LTD, the lactate threshold calculated by
the Dmax method (10), identified as the point on the regres-
sion curve that yielded the maximal perpendicular distance
to the straight line formed by the two end data points; and
6) LTMOD, a modified LTD described by the point on the
polynomial regression curve that yielded the maximal per-
pendicular distance to the straight line formed by the LT and
the final lactate point (4).

Endurance performance. Endurance performance
was assessed by measuring the second-by-second and ulti-
mately the average power output (W) produced during the
OHT. This test has been shown to be both a valid (16) and
reliable (3) measure of endurance cycling performance.
Exercise was performed on a calibrated, wind-braked cycle
ergometer (South Australian Sports Institute, Adelaide,
Australia) in controlled environmental conditions (temper-
ature 19–21°C, relative humidity 55–65%, and barometric
pressure 760–770 mm Hg). The ergometer was equipped
with racing handlebars and seat as well as ‘aero bars’ and
the cyclist’s own pedals for cleated shoes. The subjects were
instructed to generate the highest power output possible
throughout the 60 min of cycling. During the initial 8-min of
exercise, the power output was preset, based on perfor-
mance prediction from the results of the preliminary blood
lactate threshold test. After the initial 8 min, subjects could
vary both pedal cadence and force. They were continually
provided with visual feedback of pedaling cadence, power
output, HR, and elapsed time.

Muscle sampling and analyses. Three days after the
OHT, resting muscle (80–120 mg) was sampled from the
vastus lateralis muscle (midway between the anterior supe-
rior iliac spine and the patella) using the needle biopsy
technique (5) with suction (18). The muscle sample was
divided into two pieces; the largest sample was mounted in
OCT embedding medium (TissueTek, Thuringowa, Australia),
quickly immersed in isopentane, cooled in liquid nitrogen,
for 1 min, and stored at270°C until later histochemical
analysis. The muscle samples were sectioned (10mm) in a
cryostat at220°C and placed on glass coverslips for histo-
chemical analysis. The fibers were stained histochemically
for identification of Type I, Type IIa, and Type IIb fibers by
the myofibrillar adenosinetriphosphatase reaction using acid
and alkaline preincubation (7). Fiber areas and least fiber
diameter were calculated on a Macintosh 8100 av computer
using the public domain NIH Image program (version 1.57,
Springfield, VA).

A second portion of the sample was quickly frozen in
liquid nitrogen and also stored at270°C until analyzed for
2-oxogluterate dehydrogenase (OGDH) activity (36) and
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phosphofructokinase (PFK) activity (23). Enzymes activi-
ties were measured fluorometrically (Aminco-Bowman Se-
ries 2 Luminescence Spectrometer, Urbana, IL), with the
spectrometer compartment maintained at 25°C with a cir-
culator bath. Enzyme activities, determined from the linear
portion of the reaction time course, were calculated in
mmolzg21 wet weightzmin21 and in mmolzg21

proteinzmin21. Protein concentration in the homogenate was
measured as described by Lowry and Passonneau (32).

Statistics. Data are presented as mean6 SD. Correla-
tion coefficients between dependent variables were calcu-
lated using Pearson’s product moment (r). For all tests,a
was set atP , 0.05.

RESULTS

Values for the performance and muscle characteristics of
the 12 subjects are listed in Tables 1, 2, and 3. Intercorre-
lations for these data are presented in Tables 4 and 5.

The six LPs were all significantly correlated with endur-
ance performance (0.71, r , 0.89,P , 0.05), and each
was more strongly correlated with OHT performance than
peak V̇O2 (Lzmin21, r 5 0.65,P , 0.05). Of the six LPs,
LTD correlated best with OHT performance (r5 0.89,P ,
0.01). All LPs were also significantly correlated with each
other (P , 0.05).

OGDH activity, PFK activity, the percentage of Type I
fibers, and the diameter of the Type I fibers were not related
to peak V̇O2 (Lzmin21 or mLzkg21zmin21), any of the LPs,
or OHT performance (P . 0.05). The diameter of the Type

II fibers, however, was negatively related to OHT perfor-
mance (r5 20.77,P , 0.01) and a number of the LPs (r5
20.58 to20.86,P , 0.001). LPs most strongly correlated
with OHT performance tended also to be most strongly
correlated with Type II fiber diameter.

DISCUSSION

In the present study, all six LPs measured were related to
OHT performance (0.71, r , 0.89,N 5 12, P , 0.05).
Furthermore, and consistent with our previous findings (4),
LTD was most highly correlated with OHT performance
(r 5 0.89,P , 0.05). The correlation between L4 and OHT
performance was very similar (r5 0.88,P , 0.05). There
was, however, no significant relationship between muscle
fiber-type composition or the activities of PFK and OGDH
and OHT performance. The only muscle characteristic that
appeared to account for the higher correlation coefficients
between both LTD and L4 and OHT performance was Type
IIa fiber least diameter (IID).

Despite numerous studies reporting a strong relationship
between LPs and endurance performance (4,19,44), rela-
tively few researchers have described the relationship be-
tween LPs, muscle characteristics, and endurance perfor-
mance. The present finding that there was no significant
correlation between OGDH activity and any of the LPs
(20.15, r , 20.34,P , 0.05) is consistent with previous
reports of nonsignificant correlations between citrate syn-
thase (CS) activity and L4 in a heterogenous group of 19
marathoners (r5 20.33 (37)) and in 13 untrained males
(r 5 0.43 (41)). In contrast, Aunola et al. (1) reported
significant correlations between CS activity and LT (r5
0.74), LT1 (r 5 0.89), and L4 (r5 0.82) in 16 trained males
(peak V̇O2 . 46 mLzkg21zmin21). In the same study, how-
ever, there was no significant relationship between succinate
dehydrogenase (SDH) activity and any of the three LPs
measured (r, 0.50, P . 0.05). Rusko et al. (34) found
significant correlations between the ventilatory threshold
(VT) and the activities of both CS (r5 0.58) and SDH (r5
0.63) in 13 young female cross-country skiers. An even
stronger correlation coefficient has been reported between
muscle oxidative capacity, measured as the rate of pyruvate
oxidation, and LT in 13 untrained males (r5 0.94 (28)).

Ivy et al. (28) argued that their significant correlation
between muscle oxidative capacity and LT could be ex-
plained by the observation that, with a greater oxidative

TABLE 2. Plasma lactate values recorded during the incremental test.

Parameter Mean 6 SD Range

Peak lactate (mmolzl21) 12.8 6 3.9 7.6–22.8
LT (mmolzl21) 2.2 6 0.5 1.6–3.2
LTLOG (mmolzl21) 2.4 6 0.8 1.8–3.8
LT1 (mmolzl21) 2.9 6 0.7 1.8–4.1
LTD (mmolzl21) 3.4 6 1.1 1.5–5.7
LTMOD (mmolzl21) 5.2 6 0.9 3.6–6.8

LT, lactate threshold; LTLOG, the power output at which plasma lactate begins to
increase when the log([La2]) is plotted against the log (power output); LT1, the power
output at which plasma lactate increases by 1 mmolzL21 or more; LTD, the lactate
threshold calculated by the Dmax method; LTMOD, the lactate threshold calculated by a
modified Dmax method.

TABLE 1. Descriptive data for plasma lactate parameters, peak V̇O2, and endurance
performance (OHT).

Parameter Mean 6 SD Range

Peak V̇O2 (mlzkg21zmin21) 47.58 6 6.36 36.55–57.95
Peak V̇O2 (Lzmin21) 2.89 6 0.31 2.23–3.39
LT (W) 135.4 6 44.5 75–225
LTLOG (W) 151.4 6 32.2 111.7–210.0
LT1 (W) 179.2 6 29.8 125–225
L4 (W) 198.6 6 36.9 133.3–247.2
LTD (W) 182.1 6 22.5 134.4–220.8
LTMOD (W) 213.7 6 32.4 163.3–277.3
OHT (W) 183.7 6 19.7 162.1–226.3
OHT (bpm) 170.0 6 9.5 156–185

LT, lactate threshold; LTLOG, the power output at which plasma lactate begins to
increase when the log([La2]) is plotted against the log (power output); LT1, the power
output at which plasma lactate increases by 1 mmolzL21 or more; L4, the power output
at which plasma lactate reaches a concentration of 4 mmolzL21; LTD, the lactate
threshold calculated by the Dmax method; LTMOD, the lactate threshold calculated by a
modified Dmax method; OHT, 1-h endurance test.

TABLE 3. Descriptive data for muscle enzyme activity, percent slow twitch fibers,
and fiber diameter.

Parameter Mean 6 SD Range

PFK activity (mmolzg21zmin21) 25.3 6 5.5 15.3–31.8
OGDH activity (mmolzg21zmin21) 0.99 6 0.26 0.56–1.44
% Type I fibers 55.7 6 17.3 27.6–83.5
% Type IIa fibers 42.5 6 16.3 20.4–70.7
% Type IIb fibers 1.6 6 2.5 0.0–7.2
Type I diameter (mm) 53.3 6 4.4 46.0–59.7
Type IIa diameter (mm) 49.1 6 5.9 40.6–58.5

PFK, phosphofructokinase; OGDH, 2-oxoglutarate dehydrogenase.
Due to the small percentage of Type IIb fibers, Type IIb diameter was not
determined.
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capacity, metabolic control is tightened such that a given
level of respiration is achieved with lower levels of postu-
lated effectors such as ADP and inorganic phosphate (Pi)
(22). As intracellular levels of ADP and Pi to a large extent
control glycolysis and glycogenolysis (13,33), an increase in
oxidative capacity should slow glycolysis and glycogenol-
ysis at a given submaximal workload (24), resulting in less
lactate formation. However, whereas Ivy et al. (28) deter-
mined oxidative capacity via the capacity of muscle homog-
enates to oxidize pyruvate, we determined oxidative capac-
ity via the activity of a single oxidative enzyme (OGDH).
This enzyme was chosen based on the results of animal
studies that indicate that only OGDH activity provides a
quantitative index of the maximum flux through the tricar-
boxylic acid cycle (14). However, this reaction is unlikely to
be the only important reaction in the regulation of the flux
through this cycle (35). Thus, the absence of a correlation
between OGDH activity and the LPs, and the inability of
OGDH activity to explain the relationship between LPs and
OHT performance, raises questions as to the validity of
using a single enzyme (such as OGDH) to provide a mea-
sure of oxidative capacity.

There was also no significant correlation between any of
the LPs and muscle fiber-type composition for the trained
female cyclists in the present study (0.14, r , 0.35,P ,
0.05). This is consistent with the results of Rusko et al. (34),
who reported no significant relationship between percent
slow twitch fibers (%ST) and VT in trained female cross-
country skiers. Yet, in untrained subjects, muscle fiber-type
composition has been reported to be significantly correlated
with LT (r 5 0.67 to 0.74 (1,28)) and L4 (r5 0.62 to 0.70
(1,37)).

However, significant correlations do not prove a cause-
and-effect relationship. It has been reported that there is a
significant relationship between muscle fiber-type compo-
sition and muscle oxidative capacity in untrained subjects
(27). Previously reported correlations between LPs and
muscle fiber-type composition (1,28,37) may therefore be a
consequence of the strong relationship between percent
Type I fibers and muscle oxidative capacity in the untrained
subjects studied. In response to endurance training, the
oxidative capacity of Type II fibers tends to increase to a
greater extent than that of Type I fibers such that the
difference in oxidative capacity is largely, or even com-
pletely, eliminated in trained individuals (11,25,29). There-
fore, in endurance-trained athletes, muscle fiber-type com-
position may no longer reflect muscle oxidative capacity.
This may explain the absence of a significant correlation
between muscle fiber-type composition and LPs in trained
females in this and a previous study (34).

In the present study, L4 and LTD were most strongly
correlated with OHT performance and also had the strongest
relationship with IID (r 5 20.74 and20.77, respectively).
However, and consistent with the results of previous studies
(41,42), the relationship between Type II fiber area and LPs
or endurance performance was much lower. This may be
due to the relative imprecision with which fiber size can be
determined from cross-sectional area (CSA) measurements.
Any fibers that are not perpendicular to the line of section-
ing will have their CSA inaccurately determined. In con-
trast, fiber orientation will have no effect on IID. Therefore,
inaccuracies in CSA calculations may have weakened the
relationship between LPs or endurance performance and
fiber size reported in previous studies.

TABLE 5. Intercorrelations among performance characteristics and muscle characteristics.

PFK
(mmolzg21zmin21)

OGDH
(mmolzg21zmin21)

%Type I
Fibers

Type I
(Diameter in mm)

Type IIa
(Diameter in mm)

Type IIa
(Area in mm2)

Peak V̇O2 (mlzkg21zmin21) 0.27 0.02 0.42 20.02 20.04 0.20
Peak V̇O2 (Lzmin21) 20.05 0.28 0.38 0.21 20.21 20.02
LT (W) 0.19 20.15 0.29 20.12 20.49 20.43
LT1 (W) 0.09 20.15 0.12 20.12 20.55 20.69*
LTLOG (W) 0.28 20.23 0.21 20.25 20.59* 20.45
L4 (W) 0.11 20.29 0.14 20.28 20.74* 20.65*
LTD (W) 20.11 20.34 0.18 20.45 20.77* 20.63*
LTMOD (W) 20.20 20.23 0.35 20.24 20.61* 20.59*
OHT (W) 20.10 20.32 0.46 20.35 20.63* 20.60*

PFK, phosphofructokinase; OGDH, 2-oxoglutarate dehydrogenase; LT, lactate threshold; LT1, the power output at which plasma lactate increases by 1 mmolzL21 or more; LTLOG, the
power output at which plasma lactate begins to increase when the log([La2]) is plotted against the log (power output); L4, the power output at which plasma lactate reaches a
concentration of 4 mmolzL21; LTD, the lactate threshold calculated by the Dmax method; LTMOD, the lactate threshold calculated by a modified Dmax method; OHT, 1-h endurance test.

TABLE 4. Correlation matrix for the plasma lactate parameters, peak V̇O2, and OHT performance.

LT LT1 LTLOG L4 LTD LTMOD OHT

Peak V̇O2 (Lzmin21) 0.57 0.59* 0.54 0.58* 0.44 0.57 0.65*
LT (W) 0.82* 0.96* 0.88* 0.71* 0.91* 0.81*
LT1 (W) 0.91* 0.90* 0.87* 0.86* 0.71*
LTLOG (W) 0.92* 0.81* 0.91* 0.80*
L4 (W) 0.90* 0.95* 0.88*
LTD (W) 0.91* 0.89*
LTMOD (W) 0.79*

OHT, 1-h endurance test; LT, lactate threshold; LT1, the power output at which plasma lactate increases by 1 mmolzL21 or more; LTLOG, the power output at which plasma lactate
begins to increase when the log([La2]) is plotted against the log (power output); L4, the power output at which plasma lactate reaches a concentration of 4 mmolzL21; LTD, the lactate
threshold calculated by the Dmax method; LTMOD, the lactate threshold calculated by a modified Dmax method.
* P , 0.05.
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Although the physiological mechanisms underlying the
relationship between fiber size and LPs are not explained by
the present data, it is possible that a small IID may allow for
a greater capillary density (capillaries/mm2) around Type II
fibers and enhance the removal of lactate. In support of this,
a number of studies have reported an inverse relationship
between capillary density and muscle fiber area (26,41).
Furthermore, a number of authors have identified a strong
relationship between changes in blood lactate concentration
during progressive exercise and capillary density (37,40).
Thus a small IID may allow for a greater capillarization and
a subsequent delay in the accumulation of lactic acid. More-
over, it appears that the strong correlation between both LTD

and L4 and OHT performance may be related to their strong
association with IID.

Although it is generally agreed that Type II fibers have a
larger CSA than Type I fibers (20,21), this is not the first
study to report that endurance-trained athletes have smaller
Type II fibers than Type I fibers (6,15,38). It is however, to
our knowledge, the first study to report that smaller Type II
fibers may be important for success in endurance events

(cycling in particular). Whether smaller Type II fibers in
endurance-trained athletes are the consequence of genetic
endowment or endurance training awaits further investiga-
tion. However, it has been reported that 5 months of endur-
ance training results in an increase in Type I area and a
decrease in Type II area (NS) such that Type I fiber area is
less than Type II area before training, but after training,
Type I fiber area is greater than Type II area (20).

In summary, we did not find a significant relationship
between LPs and muscle fiber-type composition or OGDH
activity. However, there was a significant relationship be-
tween LPs and IID. Furthermore, LPs most strongly related
to OHT performance tended also to be most strongly cor-
related with IID. It is suggested that a small IID may allow
for a greater capillary density, which helps delay the accu-
mulation of lactic acid.

Address for correspondence: David Bishop Ph.D., Western Aus-
tralian Institute of Sport, P.O. Box 139, Claremont, WA. 6010, Aus-
tralia. E-mail: dbishop@wais.org.au.

REFERENCES

1. AUNOLA, S., J. MARNIEMI, E. ALANEN, M. MANTYLA , M. SARASTE,
and H. RUSKO. Muscle metabolic profile and oxygen transport
capacity as determinants of aerobic and anaerobic thresholds.Eur.
J. Appl. Physiol.57:726–734, 1988.

2. BEAVER, W. L., K. WASSERMAN, and B. J. WHIPP. Improved detec-
tion of lactate threshold during exercise using a log-log transfor-
mation.J. Appl. Physiol.59:1936–1940, 1985.

3. BISHOP, D. Reliability of a one-hour endurance test in female
cyclists.Med. Sci. Sports Exerc.29:554–559, 1997.

4. BISHOP, D., D. G. JENKINS, and L. T. MACKINNON. The relation-
ship between plasma lactate parameters, Wpeakand 1-h cycling
performance in women.Med. Sci. Sports Exerc.30:1270 –1275,
1998.

5. BLOMSTRAND, E., and B. EKBLOM. The needle biopsy technique for
fibre type determination in human skeletal muscle: a methodolog-
ical study.Acta Physiol. Scand.116:437–442, 1982.

6. BOROS-HATFALUDY , S., G. FEKETE, and P. APOR. Metabolic enzyme
activity patterns in muscle biopsy samples in different athletes.
Eur. J. Appl. Physiol.55:334–338, 1986.

7. BROOKE, M. H., and K. K. KAISER. Three “myosin adenosine
triphosphatase” systems: the nature of their pH lability and
sulfhydryl dependence.J. Histochem. Cytochem.18:670 – 672,
1970.

8. BROOKS, G. A. Anaerobic threshold: review of the concept and
directions for future research.Med. Sci. Sports Exerc.17:22–31,
1985.

9. BRUCE, R. A., F. KUSUME, and D. HOSMER. Maximal oxygen intake
and nomographic assessment of functional aerobic impairment in
cardiovascular disease.Am. Heart J.85:546–562, 1973.

10. CHENG, B., H. KUIPERS, A. C. SNYDER, H. A. KEIZER, A. JEUKEN-
DRUP, and M. HESSELINK. A new approach for the determination of
ventilatory and lactate thresholds.Int. J. Sports Med.13:518–522,
1992.

11. CHI, M. M. Y., C. S. HINTZ, E. F. COYLE, et al. Effects of detraining
on enzymes of energy metabolism in individual human muscle
fibres.Am. J. Physiol.244:C276–C287, 1983.

12. COEN, B., L. SCHWARZ, A. URHAUSEN, and W. KINDERMANN. Control
of training in middle- and long-distance running by means of the
individual anaerobic threshold.Int. J. Sports Med.12:519–524,
1991.

13. COGGAN, A. R., A. M. ABDULJALIL , S. C. SWANSON, et al. Muscle
metabolism during exercise in young and older untrained and
endurance-trained men.J. Appl. Physiol.75:2125–2133, 1993.

14. COONEY, G. J., H. TAEGTMEYER, and E. A. NEWSHOLME. Tricarbox-
ylic acid cycle flux and enzyme activities in the isolated working
rat muscle.Biochem. J.200:701–703, 1981.

15. COSTILL, D. L., D. DANIELS, W. EVANS, W. FINK, G. KRAHENBUHL,
and B. SALTIN . Skeletal muscle enzymes and fibre composition in
male and female track and field athletes.J. Appl. Physiol.40:149–
154, 1976.

16. COYLE, E. F., M. E. FELTNER, S. A. KAUTZ, et al. Physiological and
biomechanical factors associated with elite endurance cycling
performance.Med. Sci. Sports Exerc.23:93–107, 1991.

17. DAVIES, K. J. A., C. M. DONOVAN, C. J. REFINO, G. A. BROOKS, L.
PACKER, and P. R. DALLMAN . Distinguishing effects of anaemia and
muscle iron deficiency on exercise bioenergetics in the rat.
Am. J. Physiol.246:E535–E543, 1984.

18. EVANS, W. J., S. D. PHINNEY, and V. R. YOUNG. Suction applied to
a muscle biopsy maximizes sample size.Med. Sci. Sports Exerc.
14:101–102, 1982.

19. FARRELL, P. A., J. H. WILMORE, E. F. COYLE, J. E. BILLING , and
D. L. COSTILL. Plasma lactate accumulation and distance running
performance.Med. Sci. Sports Exerc.11:338–344, 1979.

20. GOLLNICK, P. D., R. B. ARMSTRONG, B. SALTIN , C. W. SAUBERT,
W. L. SEMBROWICH, and R. E. SHEPHERD. Effect of training on
enzyme activity and fibre composition in human skeletal muscle.
J. Appl. Physiol.34:107–111, 1973.

21. GOLLNICK, P. D., R. B. ARMSTRONG, C. W. SAUBERT, K. PIEHL, and
B. SALTIN . Enzyme activity and fibre composition in skeletal
muscle of untrained and trained men.J. Appl. Physiol.33:312–
319, 1972.

22. GREEN, H. J. Metabolic determinants of activity induced muscular
fatigue. In: Exercise Metabolism,M. Hargreaves (Ed.). Cham-
paign, IL: Human Kinetics, 1995, pp. 211–256.

23. GREEN, H. J., I. G. FRASER, and D. A. RANNEY. Male and female
differences in enzyme activities of energy metabolism in vastus
lateralis muscle.J. Neurol. Sci.65:323–331, 1984.

24. HENRIKSSON, J. Cellular metabolism and endurance. In:Endurance
in Sport,1st Ed, R. J. Shephard and P. O. Strand (Eds.). London:
Blackwell Scientific Publications, 1992, pp. 46–60.

25. HENRIKSSON, J., and J. S. REITMAN. Quantitative measures of en-
zyme activities in Type I and Type II muscle fibres of man after
training.Acta Physiol. Scand.97:392–397, 1976.

26. HUDLICKA , O. Growth of capillaries in skeletal and cardiac muscle.
Circ. Res.50:451–461, 1982.

1092 Official Journal of the American College of Sports Medicine http://www.msse.org



27. IVY, J. L., D. L. COSTILL, and B. D. MAXWELL . Skeletal muscle
determinants of maximum aerobic power in man.Eur. J. Appl.
Physiol.44:1–8, 1980.

28. IVY, J. L., R. T. WITHERS, P. J.VAN HANDEL, D. H. ELGER, and
D. L. COSTILL. Muscle respiratory capacity and fibre type as
determinants of lactate threshold.J. Appl. Physiol.48:523–527,
1980.

29. JANSSON, E., and L. KAIJSER. Muscle adaptation to extreme endur-
ance training in man.Acta Physiol. Scand.100:315–324, 1977.

30. KEITH, S. P., I. JACOBS, and T. M. MCLELLAN. Adaptations to
training at the individual anaerobic threshold.Eur. J. Appl.
Physiol.65:316–323, 1992.

31. KINDERMANN, W., G. SIMON, and J. KEUL. The significance of the
aerobic-anaerobic transition for the determination of work load
intensities during endurance training.Eur. J. Appl. Physiol.42:
25–34, 1979.

32. LOWRY, O. H., and J. V. PASSONNEAU. A Flexible System of Enzy-
matic Analysis.New York: Academic Press, 1972, pp. 96–97.

33. MARTIN, W. H., G. P. DALSKY, B. F. HURLEY, et al. Effect of
endurance training on plasma free acid turnover and oxidation
during exercise.Am. J. Physiol.265:E708–E714, 1993.

34. RUSKO, H., P. RAHKILA , and E. KARVINEN. Anaerobic threshold,
skeletal muscle enzymes and fibre composition in young female
cross-country skiers.Acta Physiol. Scand.108:263–268, 1980.

35. SAFER, B., and J. R. WILLIAMSON . Mitochondrial-cytosolic in-
teractions in perfused rat heart.J. Biol. Chem.248:2570 –2579,
1973.

36. SIMONEAU, J. A., G. LORTIE, M. R. BOULAY, M. C. THIBAULT , G.
THERIAULT, and C. BOUCHARD. Skeletal muscle histochemical and

biochemical characteristics in sedentary male and female subjects.
Can. J. Physiol. Pharmacol.63:30–35, 1985.

37. SJODIN, B., I. JACOBS, and J. KARLSSON. Onset of blood lactate
accumulation and enzyme activities in m. vastus lateralis in man.
Int. J. Sports Med.2:166–170, 1981.

38. SJOGAARD, G. Muscle morphology and metabolic potential in
elite road cyclists during a season.Int. J. Sports Med.5:250 –
254, 1984.

39. TANAKA , K., and Y. MATSUURA. Marathon performance, anaerobic
threshold, and onset of blood lactate accumulation.J. Appl.
Physiol.57:640–643, 1984.

40. TESCH, P. A., D. S. SHARP, and W. L. DANIELS. Influence of fibre
type composition and capillary density on OBLA.Int. J. Sports
Med.2:252–255, 1981.

41. TESCH, P. A., J. E. WRIGHT, J. A. VOGEL, W. L. DANIELS, D. S.
SHARP, and B. SJODIN. The influence of muscle metabolic charac-
teristics on physical performance.Eur. J. Appl. Physiol.54:237–
243, 1985.

42. THIBAULT , G., F. PERONNET, P. B. SPARLING, R. R. PATE, and D. L.
COSTILL. Correlations between muscle fibre characteristics and
endurance capability in elite and sub-elite female distance runners.
Can. J. Sport Sci.13:89P–90P, 1988.

43. THODEN, J. Testing aerobic power. In:Physiological Testing of the
High-Performance Athlete,2nd Ed, J. D. MacDougall, H. A.
Wenger, and H. J. Green (Eds.). Champaign, IL: Human Kinetics
Books, 1991, pp. 107–174.

44. YOSHIDA, T., M. CHIDA, M. ICHIOKA, and Y. SUDA. Blood lactate
parameters related to aerobic capacity and endurance performance.
Eur. J. Appl. Physiol.56:7–11, 1987.

LACTATE PARAMETERS AND MUSCLE CHARACTERISTICS Medicine & Science in Sports & ExerciseT 1093


