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ABSTRACT 

Ten college age male subjects exercised maximally for one minute on the 

Cybex II isokinetic dynamometer to determine the effects of altered blood pH on 

total work output. Using a double blind protocol, each subject underwent four 

randomized conditions: ingestion of CaC03 (placebo), NH4Cl (acidosis), and 

NaHC03 (alkalosis) with the dosage being 0.3g/kg for each condition. The pH 

and lactic acid concentration of arterialized blood were determined at four 

times during each trial: resting, pre-exercise, immediate post-exercise, and five 

min post-exercise. Two placebo trials were conducted to determine test 

reliability and these data were grouped for further analyses as there were no 

significant differences between the trials. The major results were as follows: 

Ammonium Sodium 
Placebo Chloride Bicarbonate F 

Total \Vork (kJ) 728 + 150 723 + 136 733 + 142 NS - - -
pH pre-exercise 7.45 + 0.02 7.32 + 0.03 7.51 + 0.02 s - - -
pH immediate 

post-exercise 7.34 + 0.04 7.21 + 0.06 7.42 + 0.04 s - - -
pH 5' post-exercise 7.33 + 0.05 7.19 + 0.06 7.42 + 0.05 s - - -
LA pre-exercise 

(mmol/L) 1.30 + 0.32 0.93 + 0.58 1.39 + 0.53 NS - - -
LA immediate post-

exercise (mmol/L) 8.50 + 2.48 6.45 + 1.24 9.20 + 2.32 s - - -
LA 5' post-exercise 

(mmol/L) 10.54 + 3.70 8.23 + 1.78 10.73 + 2.66 NS - - -

NS - nonsignificant across the three groups S - significant across the three groups 

Despite significant alterations in blood pH, these data indicated that any 

possible ergogenic effects of sodium bicarbonate are not apparent during short 

intense exercise of the type and duration used in this study. 

vii 



CHAPTER 1 

INTRODUCTION 

For many years, physiologists have attempted to better define the role of 

lactic acid in the process of muscular fatigue. For the purposes of this paper, 

fatigue is defined as a failure to maintain the required or expected force output 

of the muscle (Edwards, 1981). It has been theorized that in short, intense bouts 

of exercise, the accumulation of "fatigue substances" may in fact limit 

performance. Lactic acid has been postulated as one of these fatigue substances 

(Simonson, 1971). It has also been suggested that alterations in blood and muscle 

pH which occur as a consequence of increases in lactic acid may be a limiting 

factor in muscular performance (Sutton et al., 1981). 

Animal studies (Mainwood et al., 1972; Hirche et al., 1975; Mainwood and 

Worsley-Brown, 1975) have shown that altering the pH and bicarbonate levels of 

extracellular fluid will alter the efflux of lactic acid from working animal 

muscle. In the past, researchers have attempted to both increase and decrease 

the buffering capacity of the blood to determine if either or both lactic acid and 

pH limit muscular performance. Theoretically, if the buffering capacity of the 

blood were increased, more work could be done prior to exhaustion and 

conversely if buffering capacity were reduced, work output would be corres

pondingly reduced. When HCO3 combines with H+ the end products are H2O and 

CO2. This reaction, which occurs both in the muscle and in the blood, prevents 

the alteration of pH since H+ is no longer present providing sufficient HCO3 is 

available. When the muscle produces more lactic acid than it can effectively 

buffer, lactic acid and H+ diffuse into the bloodstream. In short, intense bouts 
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of exercise, the amount of H+ produced is large thus the buffering capacity of 

the blood becomes important in maintaining pH. If the amount of HCO3 

available is increased, the pH should not decrease as rapidly with high intensity 

exercise. 

Statement of the Problem 

The purpose of this study was to quantify the effects of altered buffering 

capacity, i.e. induced alkalosis and acidosis, on short-term maximal work output. 

The latter was assessed as the maximal work produced in 1 min while moving the 

limb at 3.14 rad-s"1 (180°*s~l) using the knee extensor and knee flexor muscle 

groups. The normal buffering state, i.e. the normal arterial pH, was used as the 

placebo control. It was hypothesized that, in the alkalotic state, the blood would 

have a greater capacity to buffer the lactic acid produced during the high 

intensity, presumably anaerobic exercise. Therefore, significantly more work 

would be done in alkalosis than in the normal and acidotic states, and conversely 

that significantly less work would be done in the acidotic state compared to the 

normal and alkalotic states. 



CHAPTER 2 

REVIEW OF LITERATURE 

As early as 1930, Dennig et al. (1931) experimented with induced alkalosis 

and acidosis to determine their effects on many exercise-related parameters. 

The authors reported that a runner who started off in an alkalotic state 

accumulated a greater oxygen debt than in his normal state. In an acidotic 

state, this runner was unable to run longer than 15 min at 9.3 km*h"l. In normal 

and alkalotic states, he ran 18-20 min to exhaustion at the same speed, with 

more lactic acid accumulation and less distress at "the finish. There was no 

statement made regarding differences between alkalosis and control. 

Asmussen et al. (1948), in a study of three subjects, was unable to confirm 

the work-inhibiting effects of acidosis. Subjects were tested in two ways; the 

maximum amount of work done at a given rate (2,000 kg'm'min"*) prior to 

exhaustion and the shortest time necessary to perform a given amount of work 

(9,860 kg*m). These tests were conducted under states of anoxia and induced 

acidosis (NH^Cl). The authors stated that the lowering of alkaline reserve had 

no appreciable effect on the capacity for work under either test condition. 

In 1974, Poulus et al. infused their subjects with an average of 270 ml of an 

8% NaHCC>3 solution to study its effects on the subjective feelings of fatigue 

and on key physiological parameters. Subjects exercised on a cycle ergometer 

with the power output increasing 10 W«min"^ until exhaustion. The subjects were 

asked to express their subjective feelings of fatigue on a scale every tenth min 

and at exhaustion. The subjects performed 4 trials. Trials 1 and 4 served as 

control. In trial 2, a small catheter was inserted in a superficial vein of the arm 
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and a 0.9% NaCl solution was infused. Arterial blood was sampled by means of a 

second catheter inserted in the other arm. This trial served as a placebo. In 

trial 3, the procedures were identical to trial 2 except that an 8% NaHC03 

solution was infused. Performance as measured by the maximum work per

formed on a cycle ergometer was not significantly different between trials. 

Similarly, there were no significant differences between trials in external work 

load at the different levels of subjective fatigue. The authors concluded that 

changes in pH of arterial blood are not an underlying factor for subjective 

feelings of fatigue. This study also suggests that an increased buffering capacity 

of the blood does not improve performance. 

Kindermann et al. (1977) studied ten subjects performing a maximal 400m 

run during both control and induced alkalosis (bicarbonate of tris buffer) trials. 

The subjects were infused with an average of 190 mmol of an 8.4% NaHC03 

solution or 130 mmol of tris buffer. Following the run, although the same 

maximal lactic acid values were found, the blood pH was significantly lower in 

the control trial. There was no difference in run time (62.4 ± 4.1 s without 

buffer and 62.6 ± 4.9 s with buffer) or in maximal heart rates between the two 

trials. The authors stated that since the reduction in work-related metabolic 

acidosis produced by the administration of a buffering substance did not cause an 

increase in performance, the importance of blood pH as a performance-limiting 

factor during short-duration exhaustive exercise must be regarded with 

reservation. This study thus indicated no ergogenic effect of increased buffering 

capacity of the blood. 

However, two recent papers (Jones et al., 1977; Sutton et al., 1981) have 

found increased work capacity following the ingestion of NaHC03 and a 

decrement in performance following the ingestion of an acidotic agent (NH^Cl). 
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Jones et al. (1977) had their subjects ingest NaHCOg, NH^CI, and CaC03 

(control substance) over a 3 h period using a total dose of 0.3g/kg of body weight 

for each treatment. The order of treatments was randomized. The ingested 

agents resulted in an alteration from the resting pH of 7.38 ± 0.00 to a pH of 

7.21 ± 0.03 for the acidotic state and to 7A3 ± 0.03 for the alkalotic state. The 

subjects then exercised continuously on an electrically braked ergometer at each 

of the following intensities: 33, 66, and 95% of maximal oxygen uptake (VO2 

max). Compared to control (270 ± 13 s), the time to exhaustion at the highest 

workload (95% of max) was lower in acidosis (160 ± 22 s) and significantly higher 

in alkalosis (308 ±120 s). There was no mention of changes in time to exhaustion 

at the lower intensities. The authors concluded that acid-base changes have 

important effects on endurance and the metabolic responses to exercise. 

Sutton et al. (1981) using the protocol of 3ones et al. (1977) for exercise 

and the ingestion of NaHCOj, CaCOj, and NH^Cl, found endurance times at 95% 

of VO2 max (highest workload) were longer in subjects when they had taken 

NaHC03 (5Ak ± 1.05 min) and shorter when they had taken NH^Cl (3.13 ± 0.97 

min) with the differences being statistically significant compared to the CaC03 

control condition (4.56 ± 1.31 min). The immediate post-exercise lactic acid 

concentration was significantly higher in alkalosis (7.90 ± 0.9 mmol/L) than in 

acidosis (4.00 - 0.5 mmol/L). The authors state that differences between the 

three conditions at 66 and 95% of V O2 max showed a significant linear gradient 

from acidosis through control to alkalosis. They summarized by stating that any 

situation which leads to a low HC03~ level, for example a preceeding bout of 

exercise, may limit muscle glycolytic capacity and also the lactic acid removal 

from muscle. 
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Kostka and Cafarelli (1982) studied the effect of altered blood pH on 

sensations of perceived exercise intensity and electromyogram (EMG) activity 

during cycling exercise. The protocol for inducing alkalosis and acidosis was 

identical to that of Jones et al. (1977). Subjects were asked to pedal for 15 min 

at 50% and 80% of V O2 max. V O2 and HR did not vary in the different buffer 

states at either relative workload. The authors reported that blood lactic acid 

values were significantly (p < .01) higher in alkalosis and lower in acidosis when 

compared to placebo control. Integrated EMG responses showed no significant 

differences between the interventions. Sensations of perceived exercise inten

sity were measured using a direct ratio scaling technique. Sensory intensity was 

significantly (p< 0.05) higher in acidosis than in placebo control when exercising 

at 80% of VO2 max, however there were no significant differences in alkalosis. 

In summary, there appears to be conflicting points of view on the effects 

of altered blood pH on maximal work output. The studies by Asmussen et al. 

(1948), Poulus et al. (1974), and Kindermann et al. (1977) would suggest no effect 

of altered blood pH on maximal work output. The studies of Dennig et al. (1931), 

Hones et al. (1977), and Sutton et al. (1981), however, suggest significant 

differences in maximal work output when blood pH is altered. There does not 

appear to be any obvious explanation for this disparity. 



CHAPTER 3 

METHODOLOGY 

Subjects 

Ten college age (x age = 26 ± 2.7 yr), healthy, male subjects (x weight = 

74.85 ± 10.78 kg, x height = 181.48 ± 5.82 cm) underwent four separate exercise 

trials with different initial blood pH levels. The experimental protocol had been 

previously approved by the University of Arizona Committee on Human Subjects, 

and the subjects provided informed consent prior to participation (Appendix A). 

Procedure 

Each trial took place in the mid-morning following an overnight fast. A 

resting anaerobic sample of arterialized capillary blood was collected from a 

pre-warmed free-flowing finger tip puncture and assayed for pH and lactic acid. 

The subjects then ingested either CaC03 (control), NaHC03 (alkalosis), or 

NH^Cl (acidosis) using a total dose of 0.3g/kg of body weight for all trials over a 

period of 3 h. The subjects underwent two control trials (CaC03) to establish 

reliability.. The ingested agents were placed in gelatin capsules and appeared 

identical. Neither the subject nor the investigator had knowledge of which agent 

was ingested. The order of treatments was randomized. The subjects remained 

in a resting state during the administration of the capsules. At the conclusion of 

the 3 h period that was allotted for the ingestion of capsules, a blood sample was 

drawn to determine to what degree blood pH and lactic acid had been altered. 
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During the alkolosis, many of the subjects suffered from diarrhea, and 

during the acidosis many of the subjects vomited. This may have had an 

influence on the body's fluid balance. The subjects were constantly hydrating by 

ingesting approximately 8 ounces of water every 15 min with their capsules. The 

extent to which altered fluid balance effected the findings of this study is 

unknown. 

The subjects were then asked to exercise (one-legged) for one min on the 

Cybex II isokinetic dynamometer (Lumex, Inc.) at a speed of 3.14 rad's"* (Figure 

1). This exercise was maximal, in that the subject was asked to work as fast and 

exert as much force as possible throughout the complete minute. Blood was 

drawn immediately following the exercise to assess the alterations induced by 

the exercise, and at 5 min post exercise in an attempt to record peak lactic acid 

values (Stanford et al., 1981). There was a minimum of 2k h between trials. 

Determination of Work Output 

Cybex II data (Figure 2) were analyzed to determine total work (combined 

extension and flexion work), total extension work, total flexion work, total 

number of contractions, and decrement in peak torque in both flexion and 

extension. Decrement in peak torque was calculated by dividing the average 

peak torque of the last five contractions by the average peak torque of the first 

five contractions. A description of the work calculation and the calibration 

procedures is found in Appendix B. 

The Cybex II dynamometer was interfaced with a microprocessor which 

sampled the torque and angle channels every 4 ms (250 Hz). The torque channel 

was set on the 180° scale and the angle channel was set on the 150° scale. The 

damping level was set at one. 
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FIGURE 1. Cybex II isokinetic dynamometer in the test configuration used in this 

. study. 
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Determination of Blood Lactic Acid and Blood pH 

Blood samples to be assayed for pH were collected in triplicate in 80 y L 

heparinized (sodium heparinate) capillary tubes and were measured on a BMS3 

MK II Blood Micro System (Radiometer Inc.). Blood samples to be assayed for 

lactic acid were collected in duplicate in disposable lOOy L micropipets and were 

assayed by an enzymatic technique in accordance with Sigma Chemical Co. 

guidelines (1977). 

Calibration for the lactic acid assay was conducted in accordance with 

Sigma Chemical Company guidelines (1977). A calibration curve for the lactic 

acid assay is included in Appendix C. The pH electrode of the BMS3 MK II blood 

microsystem was calibrated hourly using known buffer solutions (6.84 ± 0.01 and 

7.38 ± 0.01) provided by the manufacturer. The procedure was as follows: the 

pH electrode was set to a standard value of 7.38, and a known high buffer of 7.38 

± 0.01 was drawn into the instrument and measured. The instrument was 

adjusted to read 7.38. Then, a known low buffer of 6.84 ± 0.01 was measured and 

the instrument was set to read 6.84. This procedure was repeated until the 

values for the known buffers could be read consistently. 

Statistical Analysis 

Subjects acted as their own controls and all data were analyzed using a 

repeated measures analysis of variance across trials. The level of significance 

used for all comparisons was the .05 level. A Tukey post-hoc analysis was 

conducted to distinguish differences between groups. 



CHAPTER 4 

RESULTS 

A one-way analysis of variance was conducted on the two control trials. 

There were no significant differences between control trials for any of the 

measured parameters and these data were grouped for the purpose of further 

analysis. As a result of the ingestion of the acidotic and alkalotic agents, resting 

blood pH was significantly different from control (Table 1). At the onset of 

exercise, blood pH was 0.13 units lower (p< 0.05) with acidosis and 0.06 units 

higher (p < 0.05) with alkalosis compared with the placebo control (pH = 7.45). 

Resting blood lactic acid values, however, were not significantly altered due to 

the ingestion of the various substances (Table 1). Immediate post-exercise blood 

lactic acid was highest in alkalosis (9.20 ± 2.32 mmol) and lowest in acidosis (6.45 

± 1.24 mmol) compared to placebo control (8.50 + 2.48 mmol). The differences 

bet'.,'2en acidosis and control were significant (p < .05). Similar trends were 

apparent with the higher blood lactic acid volumes at 5 min post-exercise. There 

were no differences in the way blood pH responded to the exercise. In all 

conditions, the exercise induced similar decreases in pH (0.1 units) independent 

of initial pH. Thus, the statistical differences in pre-exercise pH values were 

also evident immediately and 5 min post-exercise. 

Despite significant differences (p < 0.05) in pre-exercise blood pH, there 

were no significant differences between trials in total work, total extension 

work, total flexion work, total number of contractions, and torque decrement 

(Table 2). There was a trend towards an increased total work output during 

alkalosis and a decreased total work output in acidosis, however, the differences 

were not statistically significant. 
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TABLE i. Blood lactic acid (HLa) and pH response to 1 min Cybex exercise during 

control, acidotic, and alkalotic conditions3 

Acidosis Alkalosis 
Control (NH^Cl) (NaHC03) F-Ratiob 

Resting 
pH 7.44 ± 0.01 7.44 ± 0.01 7.44 ± 0.02 0.49 

HLa i.25 + 0.42 1.30 ± 0.53 1.41 ± 0.69 0.23 
(mmol) 

Pre-
Exercise 

pH 7.45 ± 0.02 7.32 ± 0.03c 7.51 + 0.02C 227.70 

"La 1.30 ± 0.32 0.93 ± 0.58 1.39 ± 0.53 2.33 
(mmol) 

Immediate 
Post-Exercise 

pH 7.34 ± 0.04 7.21 ± 0.06c 7.42 ± 0.04c 139.60 

HLa 8.50 ± 2.48 6.45 ± 1.24C 9.20 ± 2.32 10.13 
(mmol) 

5 Min 
Post-Exercise 

pH 7.33 ± 0.05 7.19 ± 0.06c 7.42 ± 0.05C 143.10 

HLa 10.54 ± 3.70 8.23 ± 1.78C 10.73 ± 2.66 5.79 
(mmol) 

a - values are means ± S.D. 
b - an F ratio greater than 3.55 is necessary to achieve significance at the 0.05 level 
c - p< 0.05 vs. control 



TABLE 2. Angular displacement, number of contractions, torque decrement, and total work 

in response to 1 min Cybex exercise during control, acidotic, and alkalotic conditions3 

Acidosis Alkalosis 
Control (NH4CI) (NaHC03> F-Ratiob 

Angular 
Displacement (rad) 

Extension: Initial0 1.71 + 0.10 1.72 + 0.11 1.71 + 0.11 0.45 
Finalc 1.62 + 0.14e 1.63 + 0.1 le 1.62 + 0.13 0.36 

/\, Initial-Final 0.09 + 0.12 0.09 + 0.13 0.09 + 0.12 0.80 
Flexion: Initial0 1.75 + 0.12 1.76 + 0.13 1.74 + 0.12 0.99 

Final0 1.62 + 0.14 1.64 + 0.10 1.62 + 0.13 0.16 
A,»Initial-Final 0.13 + 0.12f 0.12 + 0.13f 0.12 + 0.14* 0.08 

Number of contractions i 104 + 7 105 + 8 102 + 8 2.91 
Torque Decrement (%) 1 

Extension 37.6 + 11.9 40.7 + 12.4 38.7 + 12.4 0.15 
Flexion 53.9 + 10.48 55.0 + 13.16 56.8 + 14.3S 0.14 

Work (kJ) 
Total 728 + 150 723 + 136 733 + 142 0.86 
Extension 395 + 82 384 + 72 400 + 80 1.52 
Flexion 333 + 78 338 + 77 333 + 72 0.16 

a - Values are means ± S.u. 
b - an F-Ratio greater than 3.55 is necessary to achieve significance at the 0.05 level 
c - Initial and final refer to the mean values for the first and last five contractions, 
respectively, of the work bout. 
d - (Final torque/Initial torque) X 100 
e - significant difference initial vs. final 
f - significant ^extension vs. flexion 
g - significant extension vs. flexion 

d:30 
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The decrement in extension torque was significantly (p< .05) greater than 

the decrement in flexion torque under all conditions. In an attempt to explain 

this finding, angular displacement was calculated for the initial and final five 

contractions for both extension and flexion (Table 2). It should be remembered 

that these are displacement values and not absolute values, therefore it is 

possible to exceed 1.57 rad (90°) of motion. It is also possible that the upper leg 

(femur) was moving slightly off the testing table thus contaminating the measure 

of knee joint displacement with some amount of hip flexion. The extent to which 

this occurred is unknown. Analysis of the angular displacement data revealed a 

significantly greater A flexion with respect to A extension for all three 

conditions. 



CHAPTER 5 

DISCUSSION 

In the present study, it was assumed that, by altering blood pH levels, 

alterations would be made in the gradient of H+ from inside the muscle cell to 

outside which would have the effect of placing a greater load on the intracellular 

buffers with acidosis and on the extracellular buffers with alkalosis. It was 

theorized that increasing the intracellular acidosis would reduce the amount of 

work performed by the muscle, while increasing the amount of extracellular 

buffer (alkalosis) would increase the amount of work performed by the muscle. 

Hultman and Sahlin (1980) suggest many possible sites of impact of H+, which 

include inhibition of metabolic enzyme activity and inhibition of Ca++ -based 

disinhibition associated with acto-myosin binding. Sutton et al. (1981) suggest 

that H+ may limit glycolysis. 

Despite significant changes in resting blood pH, alterations in the gradient 

for lactic acid and H+ diffusion out of the cell did not alter the ability of the 

muscle to perform continuous maximal voluntary contractions at high speed (3.14 

rad*s~l). It is possible that the fatigue that is induced during this type of 

exercise may be associated with factors other than the accumulation of lactic 

acid. Simonson (1971) and Burke (1981) suggest that there are many possible 

sites for fatigue, which include failure of neuromuscular transmission, failure of 

muscle fiber action potential, failure of excitation-contraction coupling, and 

psychological fatigue. 

Nilsson et al. (1977) used EMG recordings to determine if the decline in 

muscular performance during repeated dynamic contractions was due to factors 
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located in the neuromuscular junction or locally in the muscle fibers. The 

authors suggested that local factors in muscle, primarily in the fast twitch fibers 

were causing the fatigue during repeated dynamic contractions with high power 

outputs. These local factors could include exhaustion of the elastic component, 

a lack of immediately available substrate, and an accumulation of metabolites, 

e.g. lactic acid. Tesch et al. (1978) stated that the initial impairment of 

muscular function during the type of work used in this study is accompanied by 

an intracellular accumulation of lactic acid in fast twitch fibers. If lactic acid 

accumulation was a local factor contributing to fatigue in this type of work, then 

altering the gradient for diffusion of lactic acid by the ingestion of NH^Cl should 

have limited the work output as measured in the present study. 

It is also possible that fatigue in this type of exercise was the result of a 

selective substrate depletion. Nilsson et al. (1977) stated that the factor 

responsible for the decrease in force output was localized mainly in the fast 

twitch fibers causing the selective drop out of this type of fiber. Fitts and 

Holloszy (1976) suggest that, during contractile activity, the concentration of 

ATP in the region of the myofibrils might decrease more markedly than in the 

muscle as a whole. It is currently possible to measure total muscle ATP, but it is 

not possible to determine if there are local changes occuring within the muscle. 

If in fact the ATP concentration is decreasing locally within the muscle, limited 

availability of ATP to myofibrillar ATPase could impair contractile function 

despite only a moderate decrease in total muscle ATP. The authors also state 

that there is a rapid recovery phase from fatigue (the first 15 s following the 

cessation of stimulation) that cannot be explained on the basis of a decrease in 

lactic acid concentration. Therefore some factor other than lactic acid 

accumulation must have contributed to the development of fatigue. 
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It is of interest to note that peak lactic acid values and peak alterations in 

blood pH at the conclusion of the 1 min one-legged exercise were very similar to 

those values found at the conclusion of maximal treadmill or cycle ergometer 

tests that may last considerably longer and use a larger muscle mass Oones et 

al., 1977). 

In earlier studies (Jones et al., 1977; Sutton et al., 1981), a work inducing 

(ergogenic) effect was noted with NaHC03 ingestion and a work inhibiting effect 

was noted with NH^Cl ingestion when treadmill running to exhaustion was used 

as the performance criteria. It is possible that in performing maximum 

voluntary contractions dynamically for one minute, the time duration of the 

work is not long enough to elicit those changes seen in the earlier studies that 

used longer duration exercise (Jones et al., 1977; Sutton, et al. 1981). While 

large amounts of lactic acid have been shown to be produced in performing 

repeated maximal voluntary contractions at 3.14 rad-s"* (Tesch et al., 1978), it is 

possible that the buffering capacity of the blood and muscle were not suffi

ciently taxed in a one minute bout for changes to be seen during induced acidosis 

and alkalosis. Kindermann et al. (1977) has shown no benefit of bicarbonate 

infusion when running a 400 m run, the duration of which was approximately 45-

50 s. Thus, it is concluded that altering blood pH prior to an exhaustive 1 min 

bout of one-legged exercise does not effect work performance, which suggests 

that lactic acid and H+ concentration are not limiting factors under the 

conditions described in the present experiment. 

In an attempt to explain the finding of a greater fatigue resistance in the 

knee flexor muscles, three of the original ten subjects were asked to return for 

further testing. It was theorized that the subjects may have been working 

initially at a greater percentage of their maximum peak torque during 
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extensions, thus leading to a greater fatigue in the extensor group. Subjects 

were asked to perform maximum static contractions and maximum dynamic 

contractions (3.14 rad-s"*) in both flexion and extension. During the maximum 

dynamic contractions, the subjects worked only in the direction being tested, i.e. 

flexion or extension, and utilized a passive recovery prior to the next 

contraction. The subjects then performed the standardized 1 min bout of 

exercise as described previously. The maximum peak torque values (static and 

dynamic) were compared to the mean peak torque of the first (initial) and last 

(final) five contractions in the 1 min bout. The results (Table 3) indicate that 

rather than working at a higher percentage of maximum peak torque in 

extension, these three subjects appeared to work at a greater percentage of both 

static and dynamic peak torque in flexion both in the initial and final stages of 

the work bout, although statistical analysis of the resulting data was not 

performed. Correction for the force of gravity, however, acting on the lever 

arm and lower leg was not performed (Winter et al., 1981). It is possible that the 

gravity assistance during flexion may have accounted for part of the difference 

in decrement between flexion and extension. 

A further attempt was made to explain the finding of greater fatigue 

resistance in the knee flexors by analyzing data on angular displacement. It was 

hypothesized that, if the subjects had decreased their angular displacement in 

flexion as compared to extension, they would be working in a more efficient 

portion of the range of motion for the generation of torque, thus reducing the 

potential for fatigue decrement. Analysis of the data revealed a significantly 

greater A flexion with respect to A extension for all three conditions, thus 

substantiating the above hypothesis. 
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Another possible explanation of greater fatigue resistance in the knee 

flexors is that the flexor muscles may have a larger portion of their fast twitch 

population composed of fatigue resistant fibers. This is an area where further 

research is required as existing data does not allow this possibility to be 

examined. In conclusion, a number of possible explanations have been presented 

for the greater fatigue resistance in the knee flexors as compared to the knee 

extensors noted in this study. Further analysis of additional data and a complete 

review of the literature were unable to resolve this question. 



TABLE 3. Maximum static and dynamic extension and flexion torque values 
(Nm) and proportion of maximum values (%) during the initial 

and final five contractions for the 1 min Cybex bout of exercise 

Subject 
Max Static 
Extension 

Max Dynamic 
Extension 

Max Static 
Flexion 

Max Dynamic 
Flexion 

1 310.5 144.3 171.0 104.9 

2 294.1 178.4 187.9 131.5 

3 195.3 104.9 106.0 74.7 

1 MIN BOUT 

Initial 
Extension 

Final 
Extension 

Initial 
Flexion 

Final 
Flexion 

Subject 1 147.0 76.8 110.4 46.2 

% of maximum: Static 47.4 24.7 64.6 27.0 

Dynamic 101.9 53.2 105.2 44.0 

Subject 2 169.2 47.8 130.2 49.6 

% of maximum: Static 57.5 16.3 69.3 26.4 

Dynamic 94.8 26.8 99.0 37.7 

Subject 3 103.4 49.8 78.3 42.2 

% of maximum: Static 52.9 25.5 73.8 39.8 

Dynamic 98.6 47.5 104.8 56.5 
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Conclusions 

I. Any possible ergonenic effects of the ingestion of NaHC03 were not 

apparent in a 1 min knee extension-flexion Cybex exercise. 

II. It appears that the fatigue in this type of exercise is not due to the 

accumulation of lactic acid or H+ as has been suggested by previous 

authors. 

III. The decrement in peak torque in flexion was significantly less than the 

decrement in extension peak torque for all trials. This may suggest a 

greater fatigue resistance in the knee flexors as compared with 

extensors. 

IV. The decrease in blood pH and the increase in blood lactic acid were 

larger than anticipated and were quantitatively similar to the alteration 

in these measures following a maximal treadmill test. 
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APPENDIX A 

Subject Consent Form 

"The Effects of Induced Alkalosis and Induced Acidosis on 

the Work Output of the Quadricep and Hamstring Muscle Groups" 

You are being invited to participate in a study designed to determine the 
effects of altered blood pH on human work capacity. Specifically, this study will 
examine the ability to perform muscular work at normal, acidic, and alkaline 
blood pH. 

You will be asked to ingest (swallow) gelatin capsules containing NH/^Cl 
(ammonium chloride), NaHCOj (sodium bicarbonate), and CaC03 (calcium car
bonate) for the purpose of altering your blood's acidity. The NH^Cl will make 
your blood more acidic and the NaHCC>3 will make your blood less acidic (more 
alkaline). The CaCC>3 is being used as a control substance and will have no 
effect on pH. You will ingest the CaC03 twice and the other substances once 
each for a total of four experiments. 

It is anticipated that you will feel no ill effects from the ingestion of these 
substances. Previous work has indicated a safe level of administration for these 
agents (.3g/kg of body weight). If this dose is exceeded you may feel gastric 
discomfort or diarrhea. 

You will be asked to fast overnight prior to each experiment. It will be 
necessary for you to be available three hours prior to each experiment to begin 
the ingestion of the agents. Each experiment will take about 15 minutes to 
conduct. A total of 15-20 capsules wil be ingested by most people. 

In order to measure the effects of these substances on your blood, it will be 
necessary to sample blood from your finger tip. Your finger will be sterilized 
and then the skin will be broken by a lance (a small, pointed object) that is also 
sterile. A small amount of blood (approximately k drops) will be taken in this 
manner f times during each experiment. 

Following the three hours of ingestion, you will be asked to exercise (one-
legged) as hard and as fast as possible for one minute. This will involve repeated 
flexions and extension of the knee using a Cybex II muscle testing device. 

All records will be kept strictly confidential. Your names will be known 
only to the principal investigator and his committee. 

1) The nature and possible benefits of this project have been explained to me as 
well as the use of the apparatus. I understand what my participation involves, 
and I understand that I am free to ask any questions and withdraw from the 
project at any time. 
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2) I am also aware that in the event of injury resulting from any of the above 
stated procedures, I will receive no compensation for wages lost, time lost, or 
medical expenses. 

3) I understand that this consent form will be filed in an area designated by the 
Human Subjects Committee with access restricted to the principal investigator 
and his advisor, and the information obtained by the tests may be used for 
publication with my right to privacy retained; i.e. my name will be known only to 
the principal investigator and his committee. To all others, I will be identified 
by a number. 

4) I have read the above "Subject Consent" form. The nature, demands, risks, 
and benefits of the project have been explained to me. A copy of this consent 
form will be made available to me upon request. If at any time I have questions 
related to this study, I am free to contact Sheldon Balberman (Physical 
Education Building, room 3, phone: 626-3407, or at home, phone: 326-0366). 

Subject's Signature Date 

Parent's Signature 
(if subject is under 18 years of age) 

Date 



APPENDIX B 

Computer Interface and Calibration Techniques for the Cybex II 

The dual channel recorder of the Cybex II dynamometer was calibrated 

statically at 0 and 300 N*m following established procedures (refer to section on 

daily calibrations). Then a series of known torques in 10 N*m increments were 

calibrated (statically) to determine linearity of response. The interface device 

which matched the output from the dual channel recorder of the Cybex with the 

analog to digital (A/D) converter of the Cromemco Z2 microprocessor was not 

linear. Based on repeated trials of the above calibrations, a fifth degree 

polynomial regression equation was developed to convert the analog signal to 

newton-meters. The equation was as follows 

Torque (N-m) = - 10.^09 + 2.253'Z1 - 0.020954-Z12 + 0.00017734-Z13 

- 0.00000072128-Zl^ + 0.0000000011297«Z15 

where Z1 = the A/D converter value for torque 

The interface device was also found to be non-linear for the angular 

position channel of the dual channel recorder and again a fifth degree polynomial 

equation was developed to convert the analog signal to degrees. The equation 

was as follows 

Angle (degrees) = - 6A7W + 1.3739-Z2 - 0.015846-Z22 + 0.00013592-Z23 

- 0.00000055324-Z2^ + 0.000000000085907-Z25 

where Z2 = the A/D converter value for angular position 

25 
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Daily Calibrations and Work Calculations 

The angular position and torque channels of the Cybex II were calibrated 

statically on a daily basis. The bar was set perpendicular to the ground and both 

the dual channel recorder and the microprocessor were set to display zero 

position and torque. The bar was rotated forward, away from the seat (Figure 1), 

to a position parallel with the floor and the instruments were calibrated' to 

display 90°. In this position, a known torque (240 N*m) was applied to the bar 

and again the recorder and microprocessor were set to display the appropriate 

value (240 N*m). 

Work is defined in an angular context as the integral of torque with respect 

to angular displacement. This computation was realized for each contraction 

(i.e., extension or flexion movement) as the product of the mean torque (sampled 

at 250 Hz) and the angular displacement. 



Abs. mq% 
.195 12 

.382 24 

.563 36 

.751 48 

.943 60 

r=1.00 
S.E.=0.003 
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APPENDIX D 

Subject Raw Data 

TOTAL WORK (kJ) 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 692 730 641 733 

RA 856 929 847 919 

MB 452 430 521 504 

GF 675 718 683 775 

BF 784 790 807 841 

RH 806 - 849 877 741 

M3 618 660 573 574 

TS 857 830 807 804 

PS 527 578 591 561 

DS 858 916 878 876 

EXTENSION WORK (kJ) 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 366 381 321 375 

RA 451 544 434 500 

MB 272 271 305 304 

GF 391 423 405 447 

BF 376 390 382 404 

RH 402 436 435 406 

MJ 315 337 289 302 

TS 449 444 435 438 

PS 293 311 326 298 

DS 502 551 510 521 
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FLEXION WORK (kJ) 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 326 350 320 358 

RA 405 385 413 419 

MB ISO 159 217 201 

GF 284 295 278 327 

BF 408 400 425 436 

RH 404 413 442 335 

MJ 303 323 284 272 

TS 408 386 372 366 

PS 234 268 264 263 

DS 356 365 368 354 

NUMBER OF CONTRACTIONS 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 109 108 110 109 

RA 95 95 98 96 

MB 110 110 109 104 

GF 107 99 105 98 

BF 117 121 121 117 

RH 103 99 101 92 

M3 98 101 95 96 

TS 95 96 97 98 

PS 105 105 110 106 

DS 106 98 103 106 



DECREMENT IN PEAK TORQUE-EXTENSION 
(Final Torque/butlal Torque) 100 

30 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 33.3 47.4 42.6 40.1 

RA 55.6 51.0 54.7 49.8 

MB 18.4 21.0 21.0 16.8 

GF 34.5 39.2 37.6 36.2 

BF 33.5 39.1 34.6 39.0 

RH 33.0 40.1 43.6 36.9 

M3 57.2 58.5 55.3 64.7 

TS 25.5 24.8 27.3 24.3 

PS 41.3 44.5 57.7 53.0 

DS 28.7 25.3 32.7 25.7 

DECREMENT IN PEAK TORQUE-FLEXION 
(Final Torque/Initial Torque) 100 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 66.5 50.3 46.4 57.9 

RA 76.6 58.5 69.0 64.5 

MB 39.3 44.9 40.9 33.4 

GF 47.7 52.2 54.4 60.8 

BF 76.4 64.4 82.5 77.4 

RH 47.1 55.6 55.4 62.5 

MJ 63.6 47.1 53.7 72.6 

TS 37.4 41.2 42.9 36.3 

PS 53.7 68.0 61.5 54.3 

DS 45.2 44.6 43.2 48.4 
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RESTING BLOOD pH 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 7.434 7.480 7 A36 7A22 

RA 7.450 7A61 7 A13 7 At 1 

MB 7.429 7 AW 7A53 7.465 

GF 7 A 21 7A27 7 AW 7 AW 

BF 7.414 7.437 7 At 5 7A23 

RH 7A36 7.431 7.429 7.415 

M3 7A55 7 AW 7.436 7A57 

TS 7 AW 7.460 7A37 7.431 

PS 7.454 7.438 7.462 7 At 2 

DS 7 AW 7 At 5 7.435 7.426 

PRE-EXERCISE BLOOD pH 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 7 Am 7.445 7.278 7.524 

RA 7.416 7.463 7.269 7.507 

MB 7.456 7.437 7.344 7.493 

GF 7.516 7.456 7.366 7.520 

BF 7.447 7.467 7.334 7.531 

RH 7.432 7.450 7.318 7.517 

MJ 7.447 7A50 7.278 7.510 

TS 7.456 7.454 7.335 7.487 

PS 7.416 7.415 7.325 7.484 

DS 7.455 7.430 7.317 7.520 
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IMMEDIATE POST-EXERCISE BLOOD pH 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 7.332 7.363 7.199 7.454 

RA 7.335 7.354 7.172 7.407 

MB 7.345 7.356 7.245 7.380 

GF 7.326 7.375 7.296 7.451 

BF 7.297 7.266 7.096 7.346 

RH 7.326 7.319 7.196 7.454 

MJ 7.40 3 7.380 7.263 7.465 

TS 7.356 7.340 7.263 7.418 

PS 7.363 7.395 7.205 7.422 

DS 7.267 7.271 7.154 7.369 

5 MINUTES POST-EXERICSE BLOOD pH 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 7.330 7.361 7.197 7.486 

RA 7.319 7.323 7.136 7.396 

MB 7.331 7.370 7.209 7.355 

GF 7.337 7.361 7.281 7.449 

BF 7.228 7.209 7.079 7.328 

RH 7.376 7.375 7.202 7.434 

MJ 7.424 7.401 7.213 7.493 

TS 7.343 7.355 7.254 7.445 

PS 7.370 7.336 7.187 7.424 

DS 7.264 7.273 7.147 7.419 
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RESTING BLOOD LACTIC ACID 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 1.45 1.56 1.98 2.13 

RA 0.99 1.19 1.27 1.02 

MB 1.3 7 1.79 1.96 1.12 

GF 1.34 1.03 1.26 0.49 

BF 1.95 1.63 0.60 1.34 

RH 1.59 1.59 1.59 1.59 

MJ 1.25 1.77 1.86 1.64 

TS 0.73 0.73 0.63 2.23 

PS 1.03 1.08 0.80 0.29 

DS 0.60 0.32 1.05 2.24 

PRE-EXERCISE BLOOD LACTIC ACID 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 0.79 0.94 1.17 1.29 

RA 1.31 1.21 1.25 1.04 

MB 2.21 0.74 0.27 0.82 

GF 1.11 1.37 0.49 1.81 

BF 0.63 1.45 2.04 1.85 

RH 1.34 1.59 1.14 1.54 

MJ 1.04 1.63 1.43 1.93 

TS 1.44 1.22 0.59 1.84 

PS 2.09 1.89 0.18 0.31 

DS 0.75 1.16 0.76 1.48 
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IMMEDIATE POST-EXERCISE BLOOD LACTIC ACID 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 10.45 9.98 5.60 7.36 

RA 7.59 9.91 6.96 9.85 

MB 8.79 6.17 6.71 9.33 

GF 8.03 5.24 7.75 9.85 

BF 12.87 15.03 8.56 13.18 

RH 7.41 5.22 7.27 10.02 

MJ 5.64 7.17 4.61 5.69 

TS 4.11 8.64 6.04- 8.10 

PS 7.88 8.53 4.94 6.66 

DS 10.47 10.78 6.01 11.98 

5 MINUTE POST-EXERCISE BLOOD LACTIC ACID 

Subject Control 1 Control 2 Acidosis Alkalosis 

BA 10.41 11.21 6.41 9.31 

RA 11.47 14.82 9.83 12.26 

MB 12.44 8.26 9.54 9.84 

GF 10.93 5.66 8.92 13.01 

BF 15.13 21.43 10.41 14.59 

RH 6.65 5.41 9.63 9.50 

MJ 5.26 7.32 4.91 5.47 

TS 7.82 10.47 8.11 10.43 

PS 9.05 9.82 6.66 9.40 

DS 14.50 12.74 7.90 13.47 
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