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SAHLIN, K., AND J. M. REN. Relationship of contraction 
capacity to metabolic changes during recovery from a fatiguing 
contraction. J. Appl. Physiol. 67(Z): 648-654, 1989.-The rela- 
tionship between changes in muscle metabolites and the con- 
traction capacity was investigated in humans. Subjects (n = 
13) contracted (knee extension) at a target force of 66% of the 
maximal voluntary contraction force (MVC) to fatigue, and the 
recovery in MVC and endurance (time to fatigue) were meas- 
ured. Force recovered rapidly [half-time ( tlh) < 15 s] and after 
2 min of recovery was not significantly different (P > 0.05) 
from the precontraction value. Endurance recovered more 
slowly (tlh - 1.2 min) and was still significantly depressed after 
2 and 4 min of recovery (P < 0.05). In separate experiments (n 
= 10) muscle biopsy specimens were taken from the quadriceps 
femoris muscle before and after two successive contractions to 
fatigue at 66% of MVC with a recovery period of 2 or 4 min in 
between. The muscle content of high-energy phosphates and 
lactate was similar at fatigue after both contractions, whereas 
glucose 6-phosphate was lower after the second contraction (P 
< 0.05). During recovery, muscle lactate decreased and was 74 
and 43% of the value at fatigue after an elapsed period of 2 and 
4 min, respectively. The decline in H’ due to lactate disappear- 
ance is balanced, however, by a release of H+ due to resynthesis 
of phosphocreatine, and after 2 min of recovery calculated 
muscle pH was found to remain at a low level similar to that 
at fatigue. It is concluded that 1) after a fatiguing isometric 
contraction, force is restored more rapidly than endurance, 2) 
force is not limited by a high H’ concentration, and 3) the 
similar chemical composition at fatigue suggests that this limits 
endurance, possibly because of an impaired capacity to rephos- 
phorylate ADP. The relationship between acidosis and the 
fatigue process often observed during exercise may be explained 
by a H’-mediated inhibition of the ATP-generating processes. 

adenosine diphosphate; adenosine monophosphate; adenosine 
triphosphate; contraction; lactate; muscle fatigue; muscle me- 
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DURING INTENSE EXERCISE there is a rapid decline in 
the capacity to generate force. Studies in humans have 
shown that peripheral factors are of major importance 
for the development of fatigue during static contractions 
(2). In studies on isolated frog muscle it has been shown 
that the decrease in force is closely correlated with me- 
tabolite levels (i.e., increase in free ADP and H+), irre- 
spective of the mode of stimulation (5). Similar metabolic 
changes [i.e., accumulation of lactic acid and depletion 
of phosphocreatine (PCr)] have also been observed in a 
vast number of studies on fatigued human muscle em- 
ploying both the noninvasive nuclear magnetic resonance 

(NMR) technique and the conventional biopsy tech- 
niques (32). Although the general pattern indicates a 
close relationship between metabolite changes and fa- 
tigue, it is evident that there are other conditions of 
contractile failure where metabolic changes are absent 
(32) 

The mechanism by which metabolite changes could 
impair the contractile function and the site where this 
might occur are not known. Two main theories exist. 
One (theory A) is that the contraction process is limited 
by the accumulation of metabolic end products (i.e., H+ 
or Pi) and the other (theory B) is that the capacity to 
regenerate ATP becomes insufficient for the demand. 
Studies on skinned fibers have shown that the developed 
tension is decreased when the concentration of H+ (6) 
and/or Pi is elevated (3) and support theory A. On the 
other hand, a common feature of fatigued muscle is the 
breakdown of adenine nucleotides to inosine monophos- 
phate (IMP) and ammonia (25), indicating an imbalance 
between the utilization and resynthesis of ATP, and this 
supports theory B. 

The relationship between lactic acid accumulation and 
muscle fatigue has been recognized for a long time. An 
increased concentration of H+ could impair the contrac- 
tion process either directly (theory A) or indirectly 
through its inhibitory effect on the ATP-generating proc- 
esses (theory B). The rate of ATP generation is deter- 
mined by the combined rates of oxidative phosphoryla- 
tion, glycolysis, and PCr breakdown. An increased con- 
centration of H+ can decrease the capacity to generate 
ATP both through an inhibitory effect on glycolysis (31) 
and through a decrease in the PCr level [H+ is linked to 
PCr through the creatine kinase equilibrium (25)]. 

Previous studies have shown that the resynthesis of 
PCr after isometric contraction to fatigue is rapid, with 
one-half of the decrease restored after ~30 s (12), 
whereas the disappearance of muscle lactate is slower, 
with one-half of the content remaining after -2.5 min 
(14). In contrast to most other exercise conditions in 
which a high lactate level is linked to a low PCr level 
(25), the early recovery period will therefore be charac- 
terized by high lactate (and H+) and high PCr. Break- 
down of PCr can rephosphorylate ADP at a high rate 
(25), and the rapid resynthesis of PCr would therefore 
rapidly restore the ATP-generating capacity while mus- 
cle pH would remain low. The recovery period is there- 
fore potential ly useful when the separate effects of H+ 
accu .mulation and energy deficiency on th .e force-gener- 
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ating capacity are to be evaluated. 
The aim of the present study was to investigate the 

contraction capacity (force and endurance) in relation to 
the metabolite changes during recovery from a previous 
isometric contraction to fatigue in humans. 

MATERIALS AND METHODS 

Subjects 

Sixteen healthy male volunteers participated in the 
study. Their mean (range) age, height, and weight were 
29 (21-40) yr, 182 (176-190) cm, and 76 (63-90) kg, 
respectively. Their mean (range) maximal voluntary con- 
traction force (MVC) during knee extension was 568 
(449-708) N for the left leg and 594 (444-720) N for the 
right leg. The distance between the center of the knee 
joint and the position of the strap connected to the force- 
measuring device was 37 (34-40.5) cm. Ten of the sub- 
jects participated both in experiments involving muscle 
biopsies and in the determination of the time course of 
recovery in force and/or endurance. The subjects were 
informed of the possible risks involved in the experiment 
before giving their voluntary consent. The study was 
approved by the Ethical Committee of Huddinge Hospi- 
tal. 

Experimental Details 

The subjects were instructed not to perform any ex- 
haustive work the day before and to fast 2 h before the 
experiment. Static contractions (knee extension at a 
knee joint angle of 90’) were performed in a chair. The 
force was measured with a strain gauge, and the output 
was displayed on a recorder visible for both the subject 
and the experimenter, which enabled the subject to adjust 
the force to a predetermined level. Before the experiment 
(usually on a separate day) the subject was familiarized 
with the equipment and was trained to perform a MVC 
and to sustain a contraction at 66% of MVC. MVC was 
defined as the maximal force the subject could sustain 
for 1 s and was determined from at least three contrac- 
tions. Subjects who were unable to reproduce an MVC 
or a sustained contraction during the training did not 
participate further and were excluded from the study (n 
= 3) 

&very of force. Subjects (n = 13) sustained an iso- 
metric contraction at 66% of MVC until they could no 
longer maintain the target force, and thereafter they 
contracted maximally until the force declined to -50% 
of MVC. The end point was determined by the experi- 
menter. The time course of the restoration of force was 
determined by short (~2 s) maximal contractions after 
different periods of rest. In eight subjects force was 
measured after 1 and 4 min of rest (in 1 leg). After 30 
min of rest subjects repeated the procedure with the 
other leg, the force being determined after 0.5, 2, and 10 
min of rest. In five other subjects force was determined 
after 0.25, 4, and 10 min of rest. 

Recovery of endurance. Endurance was defined as the 
time to fatigue during a sustained contraction at 66% of 
MVC. Subjects (n = 11) contracted at 66% of MVC and 
continued the contraction until force declined to 50% of 

MVC. Endurance at 66% of MVC was obtained as the 
time from the start of contraction until the initial decline 
in tension. The subjects contracted a second time after 
0.5 (n = 4), 2 (n = 8), or 4 (n = 8) min of recovery, and 
a third contraction was performed after another 40 min 
of recovery (n = 11). Most subjects were studied twice 
using separate legs but with different recovery periods. 

MuscZe biopsy procedure. This part was performed after 
the subjects (n = 10) had participated in session A and/ 
or B. At least 90 min of rest were allowed before starting 
the experiments, during which the subjects fasted. Mus- 
cle samples were taken by the needle biopsy technique 
(1) from the lateral aspect of the quadriceps femoris 
muscle at about one-third of the distance from the upper 
margin of the patella to the anterior superior iliac spine. 
A local skin anesthetic was applied [l-2 ml of prilocaine 
(Citanest), 10 mg/ml], and incisions at each of the four 
biopsy sites were made with the subjects resting in the 
supine position. After -10 min of rest the preexercise 
biopsy specimen was taken. In five of the subjects the 
preexercise specimen was taken from one leg and the 
postexercise specimens from the other leg, whereas in 
the remaining five subjects all biopsy specimens were 
taken from the same leg. No difference in the metabolite 
patterns was observed between these two experimental 
procedures. Subjects contracted at 66% of MVC and then 
until the force declined to ~50% of MVC. After 2 or 4 
min of recovery with intact circulation, they repeated the 
contraction in a similar way. Muscle biopsy specimens 
were taken before and immediately after both contrac- 
tions. To ensure that no oxidative metabolism occurred 
before the postexercise muscle specimens were obtained 
and to keep the recovery period at exactly 2 or 4 min, 
the local blood flow to the leg was occluded by rapidly 
(Cl s) inflating a cuff to a pressure of 240 mmHg during 
a period of 1 min before and after the contractions, during 
which the muscle biopsies were taken. Thereafter the 
blood flow was restored by deflation of the cuff. The 
period of occlusion (-1 min) is not included in the 2- or 
4-min period of recovery. 

Analytic Methods 

The muscle samples were rapidly frozen (<2 s) in liquid 
Freon maintained at its freezing point (-150°C) by liquid 
N2. The muscle samples were freeze-dried, dissected free 
from any visible blood and connective tissue, and pow- 
dered with forceps. The muscle powder was extracted in 
0.5 M HC104, which was neutralized with KHCOS. PCr, 
creatine, lactate, and glucose 6-phosphate were assayed 
by enzymatic techniques (13) using fluorometric detec- 
tion of NADH. IMP, ATP, ADP, and AMP were ana- 
lyzed by high-performance liquid chromatography mod- 
ified from a method described previously (28). Separa- 
tions were carried out on a reverse-phase column 
(Nucleosil, &a), and the mobile phase was a potassium 
buffer (0.1 M, pH 6.2). Muscle metabolites (except for 
lactate, which is also present extracellularly) were ad- 
justed to the peak total creatine (PCr + creatine) content 
for each subject; i.e., the metabolite concentration in a 
sample was divided by the total creatine concentration 
of the sample and multiplied by the highest total creatine 
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concentration for that subject. This adjustment (on the 
average 5%, range O-22%) was made to correct for vari- 
ability in solid nonmuscle constituents between biopsies. 
Total creatine did not change significantly during the 
exercise (P > 0.05) and was 118 t 4, 117 t 3, 119 t 4, 
and 117 t 4 mmol/kg dry wt before contraction 1, after 
contraction 1, before contraction 2, and after contraction 
2, respectively. 

Statistical Methods 

Student’s paired t test or a one-way analysis of vari- 
ance (ANOVA) was employed for statistical evaluation. 
When the ANOVA resulted in a significant F value (P 
< 0.05), the significant difference between means was 
located by the Newman-Keuls test. Values are reported 
as means t SE. 

RESULTS 

Subjects sustained an isometric contraction at 66% of 
MVC and continued the contraction until the force de- 
clined to -50% of MVC (54 t 1%). The average con- 
traction time was 52 t 4 s. The force was rapidly restored 
during the recovery period (Fig. l), and by 15 s it was 
79.7 t 2.3% of MVC, d emonstrating that one-half of the 
decrease in force was restored in ~15 s. After 2 min of 
recovery the force was not significantly different from 
the precontraction value. 

The endurance (time to fatigue) was measured during 
two successive contractions at 66% of MVC and as a 
control after 40 min of recovery. The endurance of con- 
traction 2 at 2 or 4 min was significantly shorter (P c 
0.05) than that of contraction 1 (Fig. 2). The endurance 
was restored to 50% after ~1.2 min of recovery (extrap- 
olated from data in Fig. 2). After 40 min of recovery, 
endurance was not significantly different from the initial 
value. 

Muscle metabolites were measured before and after 
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FIG. 1. Recovery of contraction force after sustained contraction at 
66% of maximal voluntary contraction force (MVC) and until force 
declined to -50% of MVC. Values are means t SE of 8-13 subjects 
except at 0.25 min where n = 5. Statistical significance was tested by 
one-way analysis of variance and Student-Newman-Keuls test. * P < 
0.05 vs. initial value. 
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FIG. 2. Recovery of endurance during sustained contraction at 66% 
of maximal voluntary contraction force. Subjects performed 2 succes- 
sive contractions with intervening recovery period of 0.5 (n = 4), 2 (n 
= 8), or 4 (72 = 8) min. A third contraction was performed after 40 min 
of recovery (n = 11). Endurance of first contraction (initial value) was 
43.6 t 3.2 s. Statistical significance was tested by Student’s paired t 
test. * P C 0.05 vs. contraction 1. 

two successive contractions separated by 2 (n = 5) or 4 
(n = 5) min of recovery. PCr decreased after contraction 
1 to 11% of the initial value but was rapidly resynthesized 
during the recovery period and reached -67% after 2 
min of recovery of the preexercise value and 84% after 4 
min of recovery (Table 1). After contraction 2 PCr de- 
creased again to a value similar to that after contraction 
1 (Fig. 3, Table 1). The decrease in PCr was paralleled 
by a similar increase in creatine (values not shown). 
Muscle lactate increased to -100 mmol/kg dry wt after 
the contraction, and 74% of the accumulated lactate 
remained after 2 min of recovery and 43% after 4 min 
(Table 1). The muscle concentrations of both lactate and 
PCr at fatigue were similar after contractions 1 and 2 
irrespective of the length of the intervening recovery 
period (2 or 4 min, Fig. 3). 

The sum of the adenine nucleotides and IMP remained 
constant throughout the experiment, but within this 
pool, significant changes occurred (Table 1). Thus, after 
both contractions ATP was lower (P < 0.05) and ADP, 
AMP, and IMP were higher (P c 0.05) than the value at 
rest. The changes in ADP and AMP were rapidly re- 
versed during the recovery period, and after 2 min of 
recovery, values were not significantly (P > 0.05) differ- 
ent from those at rest. 

Glucose 6-phosphate increased >lO times after con- 
traction 1, which is consistent with previous findings. In 
contrast, glucose 6-phosphate did not increase signifi- 
cantly during contraction 2 compared with the precon- 
traction value (P > 0.05, Table l), and the value was 
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TABLE 1. Muscle metabolite concentrations before and after contraction 
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contraction 1 Contraction 2 

Before 
Before After After 

2 -min recovery 4-min recovery 

;4cr 
ATP 
ADP 
AMP 
IMP 
ATP + ADP + AMP + IMP 
Lactate 
Glucose 6-phosphate 

10 10 
87.3t1.9 9.4*1.1* 
29.2kO.8 25.6kl.O* 
3.71kO.22 4.69&0.21* 
0.06t0.01 0.12t0.3* 

co.05 2.7*0.5* 
33.0-1-1.0 33.1t0.7 

3.4kO.8 95*7* 
1.320.2 17.6&2.0* 

5 
57.8+3.8*-f 
27.6k1.47 
3.31k0.26.f 
0.08~0.03t 
1.5+0.4*t 

32.521.3 
67+7*-t 

12.0*2.0* 

5 
74.3*3.5*? 
27.3kO.9 
3.90+0.12t 
0.06kO.Olt 
0.9+0.3t 

32.2t0.8 
43*5*-f- 
7.9+1.7*t 

10 
11.3t2.4* 
25.4t0.8* 
4.8OkO.23* 
0.11~0.01” 

2.5&0.7* 
32.8+0.7$ 
100*4* 
10.7+1.1*t 

Values are means t SE in mmol/kg dry wt. PCr, phosphocreatine; IMP, inosine monophosphate. Statistical significance was tested by one- 
way analysis of variance and Student-Newman-Keuls test. * P < 0.05 vs. rest (before contraction 1). 7 P C 0.05 vs. after contruction 1. $ Value is 
not significant. 
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FIG. 3. Muscle content of lactate and phosphocreatine (PCr) before 
(0) and after (0) 2 successive isometric contractions to fatigue. Recovery 
time between contractions was either 2 (n = 5) or 4 (n = 5) min. 
Contractions were maintained at target force of 66% of maximal 
voluntary contraction force (MVC), and then until force fell to -50% 
of MVC. Values are means * SE. 

significantly (P < 0.05) lower than after the first con- 
traction. 

By definition, no external work is accomplished during 
a static contraction, but the force-time integral is gen- 

erally used as a measure of the work equivalent (WE). 
The WE of contraction 2 was 62 and 73% of that during 
contraction 1 when the intervening rest period was 2 and 
4 min, respectively (Table 2). The ATP turnover was 
also diminished during contraction 2 (P C 0.05, Table 2). 
The calculated energy cost per unit WE (ATP turnover/ 
WE) was ~30% lower during contraction 2 when the 
recovery period was 2 min (P < 0.05) but remained 
unchanged when the recovery period was 4 min (Table 
2) . 

DISCUSSION 

An important finding in the present study was the 
rapid recovery of the force. The time course of force 
restoration was similar to that previously observed in 
forearm muscle during hand-gripping (29) and occurred 
despite remaining high muscle lactate. From the increase 
in muscle lactate and the relationship between muscle 
pH and lactate previously observed after isometric con- 
traction (27), it can be calculated that muscle pH de- 
creased from -7.1 at rest to -6.5-6.6 at fatigue. After 2 
min of recovery muscle lactate decreased to -24 mmol/ 
kg dry wt of muscle, the time course being similar to that 
previously observed in human skeletal muscle (14). The 
rate of H+ efflux has been found to be similar to the rate 
of lactate efflux (20); thus after 2 min of rest ~24 mmol 
H+/kg dry wt of muscle disappeared. However, during 
this period there is also a release of H+ due to the 
resynthesis of PCr (creatine + ATP + PCr + ADP + 
H+). The resynthesis of PCr during the initial 2 min of 
recovery (APCr = 49 mmol/kg dry wt) corresponds to a 
release of 29 mmol H+/kg dry wt [0.6 mol H+ will be 
released per mol PCr formed at pH 6.5 (Ref. 16); 49 X 
0.6 = 291. Muscle pH is therefore expected to remain at 
a similar low level after 2 min of recovery as at the end 
of the contraction, which is in agreement with data 
obtained in human muscle by the NMR technique (23, 
24, 30). Despite a remaining low pH, contraction force 
was completely restored after -2 min of recovery (Fig. 
l), and it is evident that the capacity to generate force 
in vivo is not limited by a high intracellular concentra- 
tion of H+. The hypothesis that muscular fatigue is 
caused by a direct effect of H+ on the contractile ma- 
chinery is thus not tenable. 
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TABLE 2. Calculated values of ATP turnover and work equivalents during contraction 

Contraction 1 
Contraction 2 

2-min recovery 

Contraction 2 
Contraction 1 

4-min recovery 

kork equivalents,* kN l s 
ATP turnover,t mmoL kg dry wt’l 

5 5 5 5 
25.3H.8 15.7H.82 20.6t0.6 15.0&1.2$ 
216tl9 90+17$ 229t19 161+6$ 

ATP from glycolysis, % of total 6Ok3 45+4$ 62t2 58t2 
ATP from PCr, % of total 37&3 50*3 35t1 41t2 
ATP per unit work, mmol . kg dry wt-l. kN-’ l s-l 8.7tl.l 6.0+1.1$ 11.2tl.O 10.9t0.7 

Values are means t SE; n, no. of subjects. PCr, phosphocreatine. * Integral of force with respect to time. t ATP turnover = Alactate x 1.5 - 
APCr - 2 AATP + AADP. Statistical significance was tested by Student’s paired t test. $ P < 0.05 vs. contraction 1. 

The human quadriceps femoris muscle is heterogenous 
in its fiber-type composition with -50% type I fibers and 
50% type II fibers. Muscle metabolites in the present 
study correspond to the average content in all muscle 
fibers, and a heterogenous metabolic response to exercise 
in different fiber types is a potential problem for the 
interpretation of the data. Muscle lactate at the end of 
an isometric contraction to fatigue has been shown to be 
-60% higher in type II than in type I fibers (10). It is 
possible that lactate (and H’) is transferred from type II 
to type I fibers during the recovery period and that the 
rate of pH recovery in type II fibers is underestimated. 
However, this leveling of lactate between fibers cannot 
result in a complete reversal of pH. Furthermore, during 
a MVC all muscle fibers are recruited (2), and the rapid 
recovery in force can thus not be explained by a heter- 
ogenous recovery in pH or by the recruitment of addi- 
tional unused fibers. The conclusion from the present 
study that force generation in vivo is not impaired by a 
high H+ concentration thus cannot be refuted on c;he 
basis of a postulated heterogenous fiber-type response. 

The relationship between muscular fatigue and intra- 
cellular lactate accumulation/acidosis has been investi- 
gated in numerous studies, but in only a few has the 
recovery period been investigated. In studies of the ad- 
ductor pollicis muscle in humans (24) it was concluded 
that the recovery of MVC occurred with a time course 
similar to that in the recovery of the metabolic state of 
the muscle (i.e., PCr and pH). However, MVC was not 
measured during the first 5 min of recovery when the 
most rapid change in MVC presumably occurred (24). 
Subsequent studies by the same group (23) have shown 
an initial rapid recovery in force from -30% to 80% 
MVC during the 1st min of recovery, whereas no recovery 
occurred in muscle pH. These data are consistent with 
the results from the present study. 

Previous studies have shown that muscle lactate is 
related to contractile force in stimulated frog skeletal 
muscle during both the stimulation and the subsequent 
recovery period (11). However, the relationship between 
force and lactate during the development of fatigue was 
different from that during recovery, i.e., muscle lactate 
was restored faster than force (ll), and it was concluded 
that the initial rapid phase of recovery in force could not 
be explained on the basis of decreased lactate concentra- 
tion. In a study of isolated diaphragm muscle the rela- 
tionship between pH and tension after a fatiguing con- 
traction was investigated (22). During the first 2 min of 

recovery tension was restored from -20 to 75% of the 
initial value despite a further decrease in muscle pH 
measured by the homogenate technique. These data are 
consistent with the present results and those of Miller 
et al. (24) obtained in vivo. However, during the later 
period of recovery (~3 min) a close relationship was 
observed between recovery in force and in pH (22), and 
it was concluded that the reduction in tension at least 
partly was related to intracellular acidosis. Furthermore, 
in a study of single fibers from frog muscle (33) it was 
shown that intracellular pH was restored faster than 
force after a fatiguing contraction, and it was concluded 
that intracellular acidification was unlikely to be the 
cause of fa .tigue. A corn mon denominator of these studies 
(including the present study) is that the time course for 
restoration of force and H+ is different. 

In a previous study it was shown that incubation of 
isolated rat muscle in 30% CO2 resulted in a decreased 
muscle pH and a concomitant decline in contractile force 
(26). However, because a decrease in the high-energy 
phosphates was observed, the decline in force could have 
been caused either by the increase in H+ or by the high- 
energy phosphate depletion induced by the acidosis (26). 

The skinned muscle fiber preparation is an experimen- 
tal technique in which the effect of chemical changes 
(i.e., H+, Ca2+, ADP, Pi) on the development of tension 
can be studied at the site of cross-bridge formation. 
Results of studies using skinned muscle fibers have 
shown that tension development is decreased when the 
pH is lowered to values observed in fatigued muscle (3, 
6). These results are not compatible with the present 
data obtained in vivo where a complete restoration of 
force occurred despite a prevailing low pH. The reason(s) 
for the discrepancy might be limitations in the experi- 
mental model when in vitro data are to be translated to 
an in vivo situation and/or to species differences. 

Recently it has been suggested that increased concen- 
trations of the diprotenated form of Pi (HZPOQ) could be 
the cause of muscular fatigue (34). The hypothesis is 
supported by a close relationship between H2POy and 
force during the development of fatigue in isolated frog 
skeletal muscle (34), in skinned rabbit muscle (3), and 
in intact human skeletal muscle (35). To our knowledge 
the relationship between H2P04 and tension during the 
recovery period has not been studied. In the present 
study Pi was not measured, but a rough idea about the 
time course of changes can be obtained from the changes 
in PCr, because the major source of Pi is derived from 
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the breakdown of ATP and the subsequent rephosphor- 
ylation of ADP by PCr. A rapid resynthesis of PCr 
occurred during the initial period of recovery, but PCr 
was not completely restored after 2 min of recovery (67% 
of the value at rest), indicating elevated levels of Pi at 
this time point. Furthermore, because the concentration 
of HPPOQ is a function of both Pi and H+ and because 
muscle pH remained low after 2 min of recovery, 
HPPO: would still be elevated at this time point despite 
a virtually complete restoration of force. The present 
data, therefore, suggest that force is not impaired by 
elevated concentrations of H2P0i during the recovery 
period. * 

The contraction 
maximal force and 

capacity is characterized by both the 
the endurance at a submaximal force. 

It is clear from the present results that these two param- 
eters differ in their rate of recovery. Although force was 
restored to the precontraction value after 2 min of rest 
(Fig. 1), endurance remained significantly diminished 
after 4 min of recovery (Fig. 2). Postexercise values of 
PCr and lactate were similar after successive contrac- 
tions (Table 1) and are consistent with previous findings 
in humans (7, 18). The similar metabolic state reached 
at fatigue after successive contractions (Table 1) indi- 
cates that this may be related to the limitation of endur- 
ante. In a study of high-intensity intermittent dynamic 
exercise to fatigue, it was observed that muscle pH de- 
creased during exercise 
vening recovery period ( 

but 
15) . 

increased 
However, 

during the inter- 
after each bout of 

exercise, muscle pH reached about the same value (pH 
= 6.4), suggesting that the low muscle pH limited the 
exercise performance. Our data on muscle lactate after 
successive isometric contractions to fatigue are consist- 
ent with these findings. 

Thus there is an apparent paradox in that acidosis 
does not impair contractile force but appears to limit 
endurance during a sustained contraction. The explana- 
tion of this paradox could be that the link between H+ 
accumulation and muscle fatigue is indirect. One possi- 
bility is that acidosis through a H+-mediated inhibition 
of phosphofructokinase (31) results in a reduced capacity 
to generate ATP through glycolysis. During a sustained 
contraction PCr decreases to low levels and ATP gener- 
ation from glycolysis will become essential for the ability 
to maintain a high 
acidotic inhibition 

rate of ADP 
of glycolysis 

rephosphorylation, 
could then impair 

and 
the 

contractility. However, during recovery when a partial 
resynthesis of PCr has occurred it is unlikely that a 
limitation of glycolysis can impair the capacity to gen- 
erate ATP (and thus the maximal force), because the 
breakdown of PCr is the most rapid process in ADP 
rephosphorylation (25). It has previously been suggested 
that brief local increases in ADP (ADP transients) occur 
in the vicinity of the ATP-utilizing sites in a contracting 
muscle (25). It can be speculated that a decreased rate of 
ADP resphosphorylation (due to impairment of glycoly- 
sis and a low PCr content) would result in an increased 
duration and amplitude of the ADP transient, which 
could be related secondarily to an impairment of con- 
tractility. The relationship between acidosis and the 

16, 23, 35), may therefore be related to a H+-mediated 
inhibition of the ATP-generating processes. 

Alternative explanations for the reduced endurance 
after 2 and 4 min of recovery could be that the fiber 
recruitment pattern may be changed such that the sub- 
jects are less effective in recruiting new fibers as fatigued 
fibers drop out or possibly that damaged fibers that 
cannot be recruited are present. However, the restoration 
of MVC and the low PCr content after the second sus- 
tained contraction (Table 1) support the idea that all 
fibers have been active. 

The present data show that the ATP turnover per unit 
work is lower during the second contraction when the 
time elapsed between the contractions is 2 min (Table 
2) and indicate greater economy during successive static 
contractions. These results are consistent with data ob- 
tained from fatigued mouse muscle (8) as well as from 
human studies (9) and might be due to a slower cross- 
bridge turnover (8). In contrast to static exercise where 
a fatigued muscle exhibits an increased economy, the 
efficiency during dynamic work appears to be decreased 
when lactate accumulates (21). The explanation could be 
that a decreased cross-bridge turnover and the associated 
slowing of relaxation impair performance at high veloc- 
ities. 

An interesting finding in the present study was that 
glucose 6-phosphate remained approximately constant 
during the second contraction. This indicates that the 
glycogenolytic flux was similar to the glycolytic flux. 
This is in contrast with the first contraction, where a 
large increase in glucose 6-phosphate occurred. The data 
are consistent with those of previous studies in which 
the ratio between rate of glycogenolysis and rate of 
glycolysis at the onset of a sustained contraction is 2.5 
but decreases to values close to 1 at the end of the 
contraction (17). The reason for the relative impairment 
of glycogenolysis during the second contraction is not 
clear, but it might be explained by an attenuated trans- 
formation of phosphorylase b to a during the prevailing 
acidotic conditions (4). An alternative explanation might 
be substrate limitation of glycogen phosphorylase, be- 
cause the low muscle pH at the onset of the second 
contraction would result in a reduced fraction of Pi in 
the dibasic form (HPO:) [i.e., the substrate for phospho- 
rylase (19)]. 

In conclusion, the present study shows that the capac- 
ity to generate force is rapidly restored after a sustained 
contraction to fatigue and that this recovery process 
occurs despite a high concentration of lactic acid. In 
contrast, the restoration of endurance is slower and 
appears to be limited by the capacity to rephosphorylate 
ADP. The results from this study suggest that the fa- 
tiguing effect of H+ may be related to an inhibition of 
the ATP-generating processes. 
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