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ABSTRACT 

Thirteen subjects were studied to determine the effect of con

trolled frequency breathing (CFB) on alveolar oxygen exchange during 

submaximal arm work on an isokinetic swim bench (SB) and during 

tethered swimming (TS). Subsequent to determination of ^02 peak on 

the SB and with TS, subjects performed three 5-min exercise bouts 

separated by 20 min of rest at approximately 60% of their correspond

ing Vo2 peak on each device. Voluntarily controlled breathing frequen

cies of 13, 20 and 40 breaths . min-1 were assigned randomly to the 

three exercise bouts. Results showed that true 02 and ^Oj, were signi

ficantly (p < 0.01) higher during TS than during work on the SB both 

at peak and at submaximal levels. Ventilation, heart rate, % of ^02 

peak and ^C02 were not significantly different at any breathing fre

quency. It was concluded that the higher ^02 and true 02 during TS 

may have resulted from training specificity, acid-base differences, 

fluid shifts, or muscle recruitment differences. 

vii 



CHAPTER I 

Introduction 

Many techniques and training programs used by swimming 

coaches are ones that have been generated from findings of research on 

walking, running, or cycling. More recently, scientists have compared 

metabolic values obtained on land with those values obtained during 

free, tethered and flume swimming (8,27,49). However, these studies 

have not controlled for body position, active muscle mass or ventila

tion C^E). TO determine if there are any physiological differences 

between exercise in and out of the water, these variables must be con

trolled. Only then can valid comparisons be made and, consequently, 

decisions affecting the training and performance of swimmers be 

improved. 

One of the findings from comparisons of walking, running and 

cycling to swimming is a higher alveolar oxygen exchange during swim

ming (17,26,33,39). Dicker et al. (15) used controlled frequency breath

ing (CFB) to measure the effects of a reduced breathing frequency on 

alveolar oxygen extraction, and oxygen consumption (^02) during 

tethered swimming. Originally it was thought by coaches that the CFB 

training would cause lower P02 and higher PC02 levels in the muscle, 

thus eliciting cellular adaptations and hopefully enhancing exercise 

performance. Dicker et al. found that hypoxia did not occur, because 

1 
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alveolar 02 extraction and tidal volume (V-jO increased enough to offset 

the reduced breathing frequency, thereby maintaining The only 

change noticed by the investigator was an increase in estimated PaC02> 

which may be advantageous in training the body to perform at increas

ed C02 levels. 

To determine whether this increased alveolar oxygen extrac

tion during swimming is due to controlled breathing, as seen in the 

study by Dicker et al., or to other factors, one must examine the 

mechanisms by which the body meets changing demands for oxygen. The 

rate of oxygen utilized increases as the rate of work increases. This 

increased rate of oxygen utilized by the active tissues is enhanced by 

combinations of the following: increasing the 02 carrying capacity of 

blood, increasing pulmonary 02 exchange, increasing blood flow to the 

working muscle, and increasing the ability of tissues to extract oxygen 

from the circulating blood (a - v02 difference). The measure "true 02," 

which is the ml of oxygen consumed per 100 ml air ventilated (Appen

dix A) (13) and which is commonly expressed as a percentage, can be 

used to estimate alveolar oxygen extraction. 

It has been shown that metabolic values for a given amount of 

work vary according to the mode of testing (34). It is important that 

the testing of swimmers be done either while swimming or while on a 

device that simulates the mechanics of swimming. The modes that most 

closely parallel swimming are, of course, free swimming, followed by 

swimming in a flume, and then tethered swimming (TS). Magel and 
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Faulkner (33) compared metabolic values obtained during maximal free 

swimming and maximal tethered swimming and found no significant 

difference in true 02, respiration rate (ft,), or maximal heart rate 

(HR max). There was a difference in maximal oxygen consumption (^02 

max), but the investigators suggested that this difference was due to 

the tethered swim testing being done at the beginning of the competi

tive season and the free swimming test being done later in the season 

when the athletes were in better physical condition. In their study, 

reliability and reproduceability of tethered swimming was high, with a 

test-retest correlation of 0.93 (33). 

The biokinetic swim bench (SB) (20) is a land device that 

comes closest to simulating the swimming stroke. It is best described 

as a "semi-accommodating resistance device which allows one to preset 

a regulation speed that provides a constant amount of acceleration in 

proportion to the force applied by the user" (49). The arm-pulling 

pattern on the bench is similar to that in the water, but it is not 

exactly the same because the machine does not allow the high accelera

tion rate of the hand as seen in free swimming (47). In tethered swim

ming, the force applied is more constant throughout the stroke than in 

free swimming, and is similar to the force patterns seen on the swim 

bench. The optimal stroke rates for peak VOj and work output have 

been calculated for the swim bench (52) and correlate very closely 

with the optimal stroke rates in tethered and free swimming (12,26,52). 
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During exercise stress, the homeostasis of the body is par

tially maintained by variations in breathing rates. It is currently 

thought that breathing rates are controlled by the combined influences 

of chemical stimuli (pH, Pa02, PaC02) and mechanical input (e.g., limb 

movement, cardiac output) (54). Several investigators have reported 

that ffc rates are higher during land exercise than during swimming 

(17,27,34,37). The reason suggested for this lowered rate during swim

ming is the synchronization of breathing with stroke due to face 

immersion. When exercise was done on the swim bench, Swaine and 

Reilly found that the breathing rates were lower than those expected 

for land exercise (52). They attributed this lower rate to synchronizing 

the breathing with the arm stroke. 

Reports on data comparing V-p during maximal exercise on land 

and during maximal exercise in the water are not in agreement. Holmer 

et al. (27) reported no differences, while McArdle et al. (37), Dixon and 

Faulkner (17), and Magel et al. (34) reported higher on the land 

than during tethered swimming. Although V-p in swimming is equal to or 

slightly lower than V-p seen while exercising on land, the V-j- recorded 

during exercise on a swim bench has been shown to be lower than that 

for other land exercises such as running and cycling (52). This is 

probably due to a restricted chest expansion caused by being in the 

prone position on the swim bench. 

The during swimming has been compared to that required in 

land exercises (17,27,34,37,39), and has been observed to be lower in 
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swimming than in walking, running or cycling at both submaximal and 

maximal efforts. The probable causes for this lowered during swim

ming are the stroke mechanics of swimming (12,24,40,52), and restricted 

chest expansion, which limits the amount of air that can be inhaled. 

When Swaine and Reilly (52) tested individuals on the swim bench and 

compared on the bench to "Cg during ether forms of exercise, they 

found a disproportionately low peak on the bench, which they 

attributed to: 1) the subjects synchronize their breathing with their 

stroke rate; 2) the small muscle mass utilized in work with the arms 

only, which is not sufficient to elicit as much ventilatory drive; 3) the 

posture assumed on the swim bench, which may restrict chest expan

sion, thus limiting ^£. 

Magel and Faulkner (33), testing elite swimmers, reported equal 

tfo2 max values on land and in water. Assuming an equal land and 

water ^02 and acknowledging the reported hypoventilation during 

swimming as compared to walking and running, either the true 02 or 

the <5, or both, must increase in order to maintain an equal ^02 during 

swimming. The true 02 during swimming has been reported at 3.83% for 

maximal efforts (19,33) and 6.89% (15) during sub-maximal efforts. When 

investigators have compared true 02 values between swimming and run

ning, the swimming true 02 has always been significantly higher 

(27,33). What has not been explained is the reason for the higher true 

02. Is it due to the lower 'C'g seen in swimming or to the increased 
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venous return to the heart as a result of the prone position, which in

creases or is it due to a combination of these factors? 

Although <5 is difficult to measure while swimming, it has been 

compared in swimming and running. Holmer et al. (28) and Saltin et al. 

(45) showed a 10% lower (dye-dilution) during swimming as compared 

to that when running at max. However, they did not use elite 

swimmers. At submaximal ^02, they observed similar £ in both forms of 

exercise. Dixon and Faulkner (17,19), using a C02 rebreathing method 

to estimate <£, showed similar <5 at "C^Oj max when swimming and running 

were compared using elite swimmers. Because these techniques are dif

ficult to conduct during maximal exercise and are of questionable 

accuracy in water, it is difficult to predict what occurs to 6 during 

swimming. On land, heavy work elicits a greater SV and slower heart 

rate in the supine position than it does in the upright position (6). 

This is most likely due to the enhanced venous return in the supine 

position. Although stroke volume increases in the supine position and 

heart rate (HR) decreases in water submersion (11,26,30), 0. during 

swimming might be similar to 0 for equal work on land. 

Elite, endurance-trained athletes are reported to have lower 

heart rates and higher stroke volumes than non-athletes at rest, during 

submaximal exercise, and at maximal exercise (3). Both HR and (£ have 

been measured and compared for exercise in the water and on the land 

in both the upright and supine positions. The HR max during swimming 
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is 10-22 beats lower than that of walking or running (27,33,37). From 

studies of bradycardia in man, it appears that free swimming in the 

prone position meets the criteria, namely face immersion (32,51) and 

breath holding (10,30), for evoking a lower heart rate. 

On swim bench tests, the mean HR max reported in the litera

ture is 150 beats • min-1 (52), well below the 190-200 beats • min-1 seen 

during maximal efforts on the treadmill. It has been well established 

that the heart rate at a given 02 uptake is higher when the exercise is 

performed with the arms only than when it is performed with the legs 

only (5,50). Perhaps the reason for the low HR max seen on the swim 

bench is due to a local fatigue, even though the research suggests that 

the heart rates should be higher. 

Swimming is a predominately upper body activity, with the 

legs being used primarily for stabilization, except in the breaststroke, 

where the legs generate 50 to 60% of the propulsion (53). Holmer (26) 

tested swimmers using arms only, legs only, and combined arms and 

legs during swimming. He found ^02 max values of 3.36 1 • min -1 using 

both arms and legs, 3.37 1 • min _1 using legs only, and 2.74 1 • min -1 

using arms only. However, using only the arms allowed the individuals 

to cover much more distance per unit of 02 consumed. The ^02 max 

achieved using the arms only varied from 71 to 83 % of the ^02 max 

achieved when using both arms and legs (24). During cycle ergometry, 

Astrand and Saltin (3) reported that arm exercise gave a ^02 max 
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about 70% of that seen in leg exercises. These lower ^02 max values 

obtained from work with only the arms are probably due to the rela

tively small active muscle mass of the upper body as compared to the 

relatively larger active muscle mass of the legs. 

The preferred unit for expressing ^02 during swimming is in 

liters • min-1. This is because swimming is a non-waight-bearing activ

ity and efficiency and buoyancy are difficult to quantify. Therefore, 

gross 02 consumption is the preferred expression (24). The findings of 

studies that compared maximal efforts between walking, running or 

cycling to swimming are not in agreement. Swimming ^C)2 max has been 

shown to be 11% lower than walking (37), 19% lower than running (4), 

equal to running (33), and 14% lower than cycling (2). It has been 

shown that the more highly trained in swimming the subjects are, the 

closer their swimming ^02 max values will be to their land "^02 max 

values. Therefore, it is important to use highly trained swimmers when 

comparing metabolic values obtained from exercise on the land and in 

the water. 

The Problem 

The variables upright vs. prone body position, size of active 

muscle mass and variations in breathing patterns have been shown to 

have an effect on ^02, ^£, <5 and true 02. Because previous studies 

have not controlled for these variables, it was the purpose of this 

study to compare the metabolic responses of elite college swimmers 

during exercise under more carefully controlled conditions using the 
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SB and TS. It was believed that such an experimental design would 

shed light on the issues of whether true 02 is increased during swim

ming as compared with similar exercise on land. Further, it was hoped 

that this study would provide insight into any possible physiological 

benefits from "hypoxic" training. 



CHAPTER II 

EXPERIMENTAL DESIGN 

Subject Characteristics 

Thirteen elite swimmers volunteered to be subjects in this 

study. Five of the swimmers were ranked in the top 25 in the world in 

their respective events. Three others had placed at the mens' NCAA 

championships, and all subjects were members of the University of 

Arizona mens1 swimming team. During testing, all swimmers were train

ing 7,000 to 12,000 m per day, 6-d per week. An informed consent form 

(Appendix B) was obtained from each subject prior to testing. All test

ing was conducted during the dual meet season. The physical charac

teristics of the subjects are presented in Table I. 

Body Composition and Lung Volumes 

The subjects' body composition was determined by hydrostatic 

weighing to determine body density as described by Behnke and 

Wilmore (7). Residual lung volume was determined by the nitrogen 

dilution technique (55) and total lung capacity was measured using a 

Collins1 spirometer. These values are presented in Table I. 

10 
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TABLE I 

SUBJECT CHARACTERISTICS 

Subject Age 
(yr) 

Height 
(cm) 

Weight 
(kg) 

Fat 
(%) 

Residual 
Volume 
(1) 

Vital 
Capacity 

(1) 

1 22 180.3 79.3 16.4 1.38 6.40 

2 22 185.4 79.3 12.5 1.59 6.23 

3 20 180.3 73.9 11.1 1.58 6.26 

4 20 176.5 72.5 14.1 1.39 6.37 

5 22 188.0 77.0 10.7 1.71 6.29 

6 19 180.3 69.1 14.8 1.55 6.48 

7 21 188.0 80.1 12.0 1.82 6.34 

8 19 185.4 81.5 10.9 1.78 6.37 

9 21 170.2 71.9 19.7 1.29 5.86 

10 20 182.9 77.0 11.4 1.11 5.98 

11 21 190.5 77.2 10.3 1.44 7.48 

12 19 191.8 77.0 12.9 2.04 6.37 

13 22 177.8 74.2 11.7 1.04 5.84 

X 20.6 182.9 76.2 12.9 1.52 6.33 

SD 1.2 6.1 3.6 2.7 .28 .40 



12 

Determination of Peak 

Each subject completed, on separate days, a discontinuous ^f02 

peak test using a SB fitted with a Pacer 2A biokinetic exerciser, and a 

discontinuous Vo2 peak test using TS freestyle. Each test consisted of 

an alternating 3-min work and 3-min rest regimen with resistance pro

gressively increased until the subject could not complete a given work 

rate. The subjects were verbally encouraged to complete each work 

bout. The highest value of V02 recorded was considered ^02 peak. 

The subjects were familiar with the SB, as it was used as part 

of their training regimen for the swim team. Stroke frequency on the SB 

was maintained at 40 single arm strokes • min-1 using a metronome 

fitted with a flashing light. This value was chosen because it corres

ponded closely to the stroke frequency that is commonly seen during a 

free swimming maximal effort of 3 min duration. 

For the test with TS, the subjects used a pull buoy between 

their legs, and their ankles were held by a 10-cm diameter inner tube 

which kept their legs immovable but afloat. This gear allowed the work 

to be performed by the arms only, similar to the work on the swim 

bench, while maintaining a body position in the water similar to that 

for free swimming. This pulling gear is used every day in training, so 

the subjects were familiar with working with the arms only. The stroke 

frequency during the swim test was subject-determined and was calcu

lated by the investigator, subsequent to the test. The subjects were 

allowed to breathe at any rate during the peak tests. 
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Controlled Frequency Breathing 

After the "^02 peak was determined, a 60% value was calculated 

from a linear regression of the plotted data of the *V02 vs. the weight 

or resistance setting on the corresponding device. At least 1-wk after 

the ^02 peak was determined for SB and TS, each subject was asked to 

perform three 5-minute trials at approximately 60% of their corres

ponding Vo2 peak for SB and TS respectively. A 20-min recovery 

period was given between each 5-min test. The SB testing was sepa

rated from the TS testing by at least 1-wk. As with the peak tests, the 

stroke frequency on the SB was maintained at 40 single arm strokes • 

min-1, while the TS stroke rates were subject-determined, because a 

metronome could not be heard under water. 

During each 5-min trial, the subjects were asked to voluntarily 

control their frequency of breathing (CFB) according to the following 

pattern: CFB-1, one breath every three, one-arm strokes; CFB-2, one 

breath every two, one-arm strokes; CFB-3, one breath every one-arm 

stroke. These CFB patterns were randomly assigned for each subject. 

They correspond to 13 breaths • min-1, 20 breaths • min-1, and 40 

breaths • min-1. Because the swimming test allowed the stroke fre

quency to be determined by the subject, the breathing patterns were 

adjusted to the subject's stroke frequency to maintain the target 

breaths • min-1. Controlled breathing was used by the subjects every 

day during their training, and thus they were familiar with this proce

dure and were comfortable holding their breath. 
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Metabolic Measurements 

All SB testing was completed in a well-ventilated room main

tained at 24° C, and all TS testing was done in an outdoor pool main

tained at 31° C. During both the SB and TS tests, HR, and f^ were 

monitored, and blood was collected from a fingertip puncture. Subjects 

breathed through a Hans Rudolph model 2700 two-way, high-velocity, 

low-resistance valve. An aluminum box was specially constructed 

(Figure 1) to allow the valve to be oriented vertically rather than hor

izontally. This arrangement allowed the inspiratory and expiratory 

tubes to enter and exit directly in front of the head rather than from 

the sides, thus allowing for a normal placement of the hands in the 

water during arm recovery. Both inspiratory and expiratory tubes were 

spiral-bore of 33 mm I.D. and 3 m in length, with the expiratory tube 

being connected to a Hans Rudolph model 4000, large non-mixing three-

way "y" stopcock valve. 

During th° determination of peak, expired air was col

lected in a 120 1 meteorological balloon during the last min of each 

3-min work bout. If it appeared that a subject would be unable to com

plete the full 3-min bout, every effort was made to obtain at least a 30 

s collection of expired air. However, during the 5-min CFB tests, two 

1-min samples were collected in separate balloons during the last 

2-min of each test. Within 10 min of collection, the air was analyzed for 

FgC02 and Fg02. This was done by connecting a 20 cm long, 4 mm I.D. 

tube from the balloon to a Beckman Metabolic Cart containing a 
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OF THE TWO-WAY VALVE 
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Beckman-LB-2 and OM-11 gas analyzers. Prior to each analysis, the 

analyzers were calibrated with a standard gas previously analyzed 

with the Scholander apparatus. The expired air was drawn into the 

analyzers at a flow rate of 500 ml • min-1 and a 1-min sample was ana

lyzed. The volume of air collected in the balloons was measured by 

emptying the bags into a 120 1 Collins chain-compensated spirometer, 

and was corrected for the removal of the 500 ml of air used to measure 

FjtC02 and FgO^ 

During all SB testing, a Gilson two-channel recorder was used 

to monitor both HR and f^. Each was recorded at the same time as the 

expired air was being collected. HR was obtained from a three-lead 

EKG (CM5), while the number of breaths • min-1 was recorded by in

serting into the mouthpiece a temperature-sensitive thermistor which 

reflected changes in temperature associated with inspiration and expi

ration. The recorder was started 10 s before the 1-min air collections 

were made. Both the HR and the number of breaths • min-1 were 

counted directly from the tape. 

Heart rate and number of breaths • min-1 were counted differ

ently during the TS testing. The HR was determined by palpation of 

the carotid artery for 10 s within 10 s after the exercise ended. This 

method has been shown to be a valid procedure (40). The number of 

breaths • min-1 was determined by placing a finger between the three-

way valve and the collection balloon to feel the rush of air into the 

balloon associated with each expiration. 
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In order to obtain information on lactic acid (HLa) accumula

tions as a result of using the three CFE patterns, 100 nl of blood was 

collected prior to each CFB test on the SB and at 2-min after the end of 

each exercise trial. Because of the difficulty of collecting blood after 

swimming, pre- and post-collections were made only for the first work 

trial of the TS. A topical vasodilator, Trafuril, was applied to the 

fingers 5-min prior to the blood draw. A microlancet was used to punc

ture the finger. The blood was analyzed for HLa concentrations using a 

standard enzymatic method described in the Sigma Technical Bulletin 

(46). The amount of NADH found was determined at 340 nm on a Beckman 

Model 35 narrow-band spectrophotometer. A standard calibration curve 

was established 1-wk prior to testing (Appendix C). 

Statistical Analysis 

The subjects acted as their own controls, and each subject com

pleted both the TS and the SB protocols. Paired t-tests at the 0.05 

level of significance were used to analyze the differences between SB 

and TS performances. Data analyzed were: f^, ^E» true 02, ^02, 

ventilatory equivalent for oxygen C^e/^OJ) expressed as the liters of 

air ventilated divided by the liters of oxygen consumed, HR, R, and 

^C02. In addition, a one-way analysis of variance at the 0.05 level of 

significance was applied to the values for ^02, HR, R, ^C02, and 

change in HLa across treatments both for SB and TS, with the breathing 

frequencies being the three different treatments. 



CHAPTER III 

RESULTS 

^O, Peak 

Statistical analysis of the data from tests of Vo2 peak during 

work on the SB and during TS (Table II) revealed that no significant 

differences were found between modes for f^, V-p or Breathing fre

quency during the peak tests was subject-determined, and while not 

significantly different, was 15.4% higher on the SB. 

True 02 differed significantly between modes, as did 

The true 02 was 47% higher during TS, while the peak was 36.5% 

higher during the TS. A graph of vs. ^02 (Figure 2) shows the 

curve for the TS shifted to the right. 

Although lower during TS, HR peak was not significantly dif

ferent. The respiratory exchange ratio (R) was significantly lower 

during TS. As with the ^02, the ^C02 was significantly higher during 

TS. 

Controlled Frequency Breathing 

Even though the subjects were asked to breathe at specific 

rates, there was a significant difference between the TS and the SB 

breathing rates at all three CFB levels, with the largest difference 

being at CFB-3 (Table III). The V-p at all three breathing rates was 

18 
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TABLE II 

METABOLIC DATA FROM TESTS OF V'Oj PEAK DURING TETHERED 
SWIMMING AND DURING WORK ON AN ISOKINETIC SWIM BENCH 

(N = 13) 

TS SB t 
mean _+ SD mean + SD 

f (breaths • min *) 38.9 + 15.0 44.9 _+ 9.2 1.24 

Vx (1, BTPS) 2.74 + 0.87 2.33 +_ 0.60 -2.56** 

(1 • min-1, BTPS) 97.3 + 24.7 102.8 + 21.3 0.48 

True 02 (%) 5.07 + 1.12 3.44 + 0.45 -4.87* 

tf02 (1 • min-1, STPD) 3.59 + 0.36 2.63* + 0.49 -5.75* 

27.1 + 6.4 39.1 + 6.5 6.35* 

HR (beats • min"1) 158 + 14 164 + 21 0.82 

R .94 + 0.13 1.07 + 0.07 3.21* 

^C02 (1 • min-1, STPD) 3.38 + 0.80 2.81 + 0.56 -2.48** 

* significant at P < 0.01 
** significant at P < 0.05 
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TABLE III 

EXERCISE PARAMETERS DURING TETHERED SWIMMING AND DURING WORK 
ON AN ISOKINETIC SWIM BENCH WITH THREE CONTROLLED BREATHING FREQUENCIES 

(N = 13) 

CFB-1 
TS SB 

CFB-2 
TS SB TS 

CFB-3 
SB 

f (breaths • min ') 12.7 + 2.2 14.2* + 0.9 18.7 + 2.1 20.7* + 1.3 32.5 + 3.3 41.2* + 2.1 

VT (1, BTPS) 3.44 + 0.48 3.01* + 0.54 2.98 + 0.42 2.55* ± 0.55 2.17 + 0.40 1.58 * + 0.40 

(1 • min"1, BTPS) 43.7 + 9.7 42.7 + 10.7 55.8 + 11.3 52.7 + 15.6 70.4 + 13.4 65.1 + 21.5 

True Oa (%) 7.13 + 1.29 5.16* + 0.94 5.57 + 1.01 4.29* + 1.08 4.34 + 0.63 3.33* + 0.67 

^O, (1 • min"\ STPD) 2.29 + 0.26 1.63* + 0.45 2.25 + 0.21 1.62* _+ 0.36 2.27 + 0.16 1.55* + 0.30 

19.1 + 4.0 26.6* + 5.1 24.9 + 4.7 32.7* + 8.1 30.9 + 4.9 41.5* + 8.9 

HR (beats • min-1) 118 + 12 122 + 12 114 + 14 118 + 13 114 + 15 118 + 9 

R 0.84 +_ 0.06 0.91* _+ 0.07 0.87 + 0.05 0.94* + 0.09 0.90 + 0.10 0.95 + 0.11 

tfCO, (1 • min-1, STPD) 1.93 + 0.27 1.50* + 0.46 1.96 + 0.20 1.52* + 0.35 2.04 + 0.21 1.50* + 0.36 

% of $ 0, peak 63.9 + 7.3 62.5 + 12.81 61.3 + 6.7 62.2 + 12.2 63.6 + 5.1 60.0 + 10.8 

Values are means +_ standard deviations 

* significant at P < 0.01 
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significantly lower during the SB tests. However, when the differ

ences were compared, there was no statistical difference between any 

CFB treatment. As with the Vo2 peak data, true C2 was significantly 

higher during TS for all rates of CFB (Figure 3). Because the "tfOj 

values were significantly different at peak, the tf02 at all CFB treat

ments was significantly higher during TS. Also, at all three rates of 

CFB, the was significantly lower for the TS when compared to 

the SB (Figure 4). 

As seen during the peak tests, heart rate was slightly lower 

during the TS, but this difference was not significant. The 'C'COj at all 

CFB levels was significantly higher during the TS. However, only at 

CFB-1 and CFB-2 was the R significantly higher for the SB. At CFB-3, 

there was no significant difference. The % of ^02 peak varied from 60.0 

to 63.9% during all CFB testing, but this difference across modes was 

not significant for any treatment. 

A one-way ANOVA (Tables IV and V) revealed that the CFB had 

no significant effect on ^02, HR, R, % of ^02 peak or *\?C02 during TS 

or during exercise on the SB. 

Analysis of the pre-post HLa values during SB (Table VI) rev

ealed that the difference pre-post was significant. However, a one-way 

ANOVA revealed that the change pre-post was not significantly differ

ent between any CFB treatment. The pre-post differences during TS 

were not significantly different, and the TS total A HLa was much 

lower than during work on the SB. 
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TABLE IV 

ONE-WAY ANALYSIS OF VARIANCE ON 
SELECTED PHYSIOLOGICAL PARAMETERS DURING SB 

(N =13) 

CFB-1 CFB-2 CFB-3 

1st min ^02 (1 • min-1, STPD) 1.62 1.59 1.56 NS 

2nd min ^02 (I • min-1, STPD) 1.65 1.66 1.54 NS 

% of ^02 peak 62.4 62.2 60.0 NS 

1st min HR (beats • min-1) 120 118 118 NS 

2nd min HR (beats • min-1) 123 119 118 NS 

1st min R 0.92 0.95 0.96 NS 

2nd min R 0.90 0.92 0.94 NS 

1st min "^COj (1 • min-1, STPD) 1.50 1.52 1.51 NS 

2nd min ^C02 (1 • min-i, STPD) 1.51 1.52 1.48 NS 

significant at P < 0.01 

NS = nonsignificant 
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TABLE V 

ONE-WAY ANALYSIS OF VARIANCE ON 
SELECTED PHYSIOLOGICAL PARAMETERS DURING TS 

(N = 13) 

CFB-1 CFB-2 CFB-3 

1st min ^Oz (1 • rain-1, STPD) 2.29 2.27 2.28 ' NS 

2nd min ^02 (1 • min"1, STPD) 2.29 2.23 2.26 NS 

% of ^02 peak 63.9 61.3 63.6 NS 

HR (beats • min-1) 118 114 114 NS 

1st min R 0.85 0.87 0.91 NS 

2nd min R 0.84 0.86 0.90 NS 

1st min ^C02 (1 • min"1, STPD) 1.95 1.99 2.05 NS 

2nd min ^C02 (1 • min"1, STPD) 1.92 1.93 2.02 NS 

significant at P < 0.01 

NS = nonsignificant 



TABLE VI 

PRE- AND POST EXERCISE LACTIC ACID VALUES 
(mg %) 

SB (N = 10) Pre Post A 

CFB-1 1.64 + 0.34 2.55 + 1.62* 0.91 + 1.55 

CFB-2 1.45 + 0.44 2.19 ± 1.33* 0.83 + 1.34 

CFB-3 1.34 + 0.32 2.18 + 1.07* 0.84 + 1.09 

TS (N=3) 

CFB-1 0.64 + 

CFB-2 0.75 + 

CFB-3 0.66 + 

0.25 0.68+0.16 

0.20 0.77 + 0.37 

0.26 0.61 + 0.29 

Values are means +_ SD 

* Significant at P < 0.05 

0.04 + 0.10 

0.02 + 0.24 

-0.05 + 0.09 



CHAPTER IV 

DISCUSSION 

fro, Peak 

Even though free breathing was permitted on the tests of fro2 

peak, the majority of the swimmers coordinated their breathing with 

their strokes, giving peak breathing frequencies of approximately 40 

breaths • min-1 both on the SB and during TS. These rates are similar 

to the findings of McArdle et al. (37) during free swimming and Swaine 

and Reilly (52) during swim bench exercises. Also, the 38.8 breaths • 

min-1 obtained during peak TS is similar to the 39 breaths • min-1 re

corded by Homer et al. (28). 

In research that has compared walking, running or cycling to 

swimming at maximal efforts, most investigators (17,33,37) except 

Holmer et al. (27) have reported lower V-p during swimming than during 

walking, running or cycling. As seen in Table II, the V-p at peak was 

significantly lower on the SE. This may have been due to the subjects' 

prone position on the bench, which limited chest expansion. Most sub

jects complained of their inability to get a "full" breath when on the 

bench, especially during the peak tests. 

28 
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While both and the V-p were significantly different on the 

SB as compared to TS, the values were not significantly different at 

Vo2 peak. This finding is in opposition to the findings reported by 

others (17,33,37). Although the mean value for Vg peak during TS (97.3 

1 • min-1) is low compared to those values of 83.8-152.1 1 • min-1 report

ed by other investigators (17,33,37), this probably was due to the fact 

that the tethered swim tests in the other studies permitted the use of 

the legs, while in this study only the arms were used. 

Astrand and Saltin (3) reported that in cycle ergometry, arm 

exercise alone was about 70% of leg ^02 max. Holmer et al. (24) re

ported that swimming with only the arms amounted to 71-83% of whole 

stroke swimming "^02 max. Since the testing in this study was done 

using only the arms, the value of 3.59 1 • min-1 at 'C'Oj peak would be 

comparable to the values reported by Holmer et al., 4.33-5.13 1 • min"1 

if both arms and legs had been used. Holmer et al. reported Vo2 max 

values of 5.1 1 • min-1 for elite swimmers, but others (26,33,45) have 

reported values ranging from 2.78 to 4.39 1 • min-1. All of these ^02 

max values were for swimming while using both arms and legs. Swaine 

and Reilly (52) observed a 2.55 1 • min-1 "$02 peak on SB testing, which 

is similar to the 2.63 1 • min-1 result obtained in this study. 

Because swimming is a non-weight-bearing sport, and buoyancy 

and stroke efficiency can affect work performance, it was suggested by 

Holmer et al. (27) that the most useful physiological measure of swim

ming performance is Vo2 expressed in 1 • min-1. As seen in Table II, 
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the peak for TS (3.59 1 • min-1) was significantly higher than the 

^02 peak for SB (2.63 1 • min-1). This higher "^02 during TS might be 

explained by any of the following: 1) a specificity of training differ

ence; 2) a metabolic acidosis which led to an early termination of the 

SB test; 3) a fluid shift during TS, resulting in an increased stroke 

volume and/or a decreased HLa concentration; 4) a larger muscle mass 

was recruited during TS as compared with SB. 

The phenomenon of specificity of training and testing is well 

known. Because tethered swimming and exercise on a swim bench 

appear to be similar, the $02 values obtained from testing on the two 

devices were expected to be similar. However, the work that the swim

mers did on the swim bench during the season was perhaps not enough 

to elicit changes in ^02 max, as they worked on the SB only 45 min • 

wk-1, whereas they swam 21 hr • wk-1. Rasmussen et al. (43) showed 

that adaptations appear to be highly specific to the type of exercise 

used in training. Also, it has been shown (36) that the a-v02 difference 

in a muscle increases with training. Although swimming is similar to 

exercise on the SB, it is possible that there was not much carryover 

from swimming to the SB. The muscle recruitment pattern may also have 

been different between TS and SB. Perhaps more recruitment was 

occurring during TS, resulting in a greater working muscle mass and, 

therefore, a larger Vo2 peak. 

Although blood for HLa determination was not collected during 

peak testing, the HLa values during CFB were approximately 3 times 
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greater during SB testing, suggesting a greater metabolic acidosis 

during work on the SB. Magel et al. (33), Holmer et al. (27), and 

McArdle et al. (37) have reported lower R values during swimming 

when compared to running. In this investigation, R was significantly 

lower at Vo2 peak during TS (Table II). McArdle et al. (37) suggested 

that the lower R observed during swimming was due to lower Vg, but 

since statistically significant differences in ventilation or breathing 

rates were not obtained when SB and TS were compared, it was 

expected that the R values would be similar. These higher values for R 

and Oz on the SB may suggest that the metabolic acidosis was 

greater during SB testing as compared with TS as a result of higher 

blood lactate levels. 

Testing on both SB and TS were done in the prone position, 

which has been shown to increase $ (6). However, while there was no 

difference in body position between the tests, there no doubt was a 

hydrostatic effect during TS. The pressure exerted by the water on 

limbs and body may have increased the central volume of blood. It has 

been reported "that the thoracic blood volume increases by about 700 

ml after immersion in water. This increase is caused by a shift of fluid 

from the legs occurring simultaneously with an absolute increase in 

plasma volume" (22). Since the heart rates on land and in the water 

were the same, this increased thoracic blood volume might have led to 

an increased stroke volume. Although 0 was not measured, an increase 

in (J may be an explanation for the higher "^02 values recorded during 
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TS. An absolute increase in plasma volume may also have reduced the 

HLa concentration during TS testing, thus allowing a higher ^02 to be 

achieved. 

At the beginning of this study, it was thought that if the vari

ables of "tfj?, muscle mass utilized, and body position were kept con

stant on the SB and during TS, the true 02 would be the same in each 

case. Other studies (15,17,28,33,37) have suggested that, with maximal 

swimming, the swimmers hypoventilate as compared to running or 

cycling and therefore have a greater true 02. Table II shows that while 

there were no statistically significant differences in Vf and 

between TS and SB, V«p was 15% greater during TS as compared with the 

SB. This would have the effect of increasing alveolar ventilation 

during TS and thus altering the Fg02 and. true 02. 

The ^02 peak values were significantly different between TS 

and SB. It is not clear whether the differences were due to a lack of 

training adaptations to the SB, an increased metabolic acidosis during 

SB testing, a change in muscle recruitment, or to a fluid shift during 

TS resulting in a greater (5 which allowed a greater 'C'Oj due to 

enhanced perfusion of the lung and muscle capillary beds. Further 

study in this area is needed to clarify the mechanisms involved. 
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Controlled Frequency Breathing 

Controlled frequency breathing (CFB) was a daily training 

technique for the subjects in this study and all were comfortable with 

it, even at a low rate of 13 breaths • min-1. Although the breathing fre

quencies were controlled, there still were significant differences 

between the SB and the TS values while exercising at approximately 

60% of their ^02 peak. All of the TS breathing frequencies were lower 

than the corresponding SB values, which agrees with the findings of 

Holmer et al. (28). For example, during the TS, at CFB-3 (40 breaths • 

min-1), the swimmers were able to take only 32.5 breaths • min-1 (Table 

III). This probably was because the submaximal effort was well below 

their peak V02 and the stroke rates needed to hold the weight station

ary were low; therefore, breathing rates were low. 

As was the case with peak values, V-p was significantly lower 

during SB testing at all CFB levels. The effect of the lower V-p during 

SB coupled with the increased f^ was to reduce alveolar ventilation 

because the dead space fraction of V-p was increased. However, no sig

nificant differences in were found between SB and TS at any CFB 

level. Both SB and TS had a similar linear increase in the from 

CFB-1 to CFB-3. 

The testing during CFB was conducted at a constant relative 

(60% of peak) workload but the absolute ~ty02 during TS was higher. 

With this higher absolute ~$02 and similar the true 02 during TS 
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was significantly higher at all CFB levels. Also, the ^e/^02 
was signi

ficantly lower during TS at all CFB levels. 

In this study, there was a trend for the HR values during TS 

to be lower. It has been reported that free swimming evokes brady

cardia (30,32). McArdle et al., Magel and Holmer et al. (37,34,27) have 

reported lower heart rate values for swimming as compared to walking 

and running values. The reason that no differences were seen in these 

tests may have been because all TS testing was conducted in a pool 

which was maintained at 31° C. Craig et al. (11) and Holmer et al. (26) 

have both reported higher heart rates for the same work when the work 

is done at a temperature above 25° C. 

A one-way ANOVA was calculated for the variables ^02, HR, R, 

% of Vo2 peak, and "^COj. The breathing frequency had no significant 

effect on any of these values either during the SB or TS. When CFB was 

originally suggested as a training technique, it was thought that the 

CFB would allow one to train at a slower speed (lower ^Oj) and still 

maintain a high heart rate for cardiovascular conditioning. These data 

do not support that assumption, as CFB had no effect on HR or V02. 

More recently, Dicker et al. (15) suggested that one of the possible 

benefits of CFB is being able to work at an increased PaC02. Again, 

these data do not support the findings of Dicker et al. (15), as there 

was no significant effect on C02 from any CFB level. 

The analysis of the blood for HLa revealed that there was a 

significant increase in I3La, pre- to post-test, during submaximal work 
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on the SB (Table VI). However, a one-way ANOVA indicated that the 

CFB treatments did not significantly affect the increase in HLa. The 

HLa values recorded in this study at about 60% effort swimming are 

similar to those reported by Houston (29) for trained swimmers at sub-

maximal efforts. Although the HLa values for the submaximal TS tests 

were lower than those for work on the SB, there was essentially no 

change in HL,a pre-post during the TS. Holmer et al. (25) reported that 

trained swimmers were able to work at a relatively high 02 uptake 

(60-70%) without any elevation in blood lactate. In this study, there 

appear to be two explanations for the differences in HLa between TS 

and SB. First, the specificity of the training, i.e., most of the swim

mer's workout was done in the water and not on the SB. Second, the 

data from the SB suggests that the work was partially anaerobic since 

both the R values during SB were significantly higher at CFB-1 and 

CFB-2. Also, the values were significantly higher on the SB at 

all CFB levels. 

In conclusion, although it was expected that there would be no 

difference in the true 02 during SB and TS when the variables of body 

position, Vg, muscle mass, and relative workload were controlled, an 

increased true 02 was found during TS at all CFB levels. This is most 

likely due to the higher absolute Vo2 during TS. However, if there was 

an increased cardiac output as a result of increased central blood 

volume caused by water pressure on the limbs, or a greater contribu

tion of the respiratory pump during swimming, the greater <3 may have 
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contributed to the increased true 02. Also, although swimming coaches 

have been advocating "hypoxic" or CFB as a training aid, the findings 

from this research indicate that there seems to be no physiological 

benefit from CFB during submaximal swimming. 



CHAPTER V 

SUMMARY 

Swimming coaches have long used controlled frequency breath

ing (CFB) as a training technique in which ventilation rate is volun

tarily reduced in order to decrease Pa02 and increase PaC02. It was 

thought that the use of such "hypoxic" training may elicit cellular 

adaptations and lead to an enhanced swimming performance. Recent 

research has found that oxygen saturation is maintained in spite of the 

reduced breathing frequency although the mechanisms by which the 

body is able to do this have not been elucidated. The purpose of this 

study was to investigate the effect of CFB on alveolar 02 exchange dur

ing submaximal work with the arms on an isokinetic swim bench (SB) 

and during tethered swimming (TS). 

Thirteen male, elite college swimmers aged 20.6 _+ 1.2 years 

participated in this study. Preliminary testing included body composi

tion, total lung volume and measurement of ^02 peak on the SB and 

with TS. During submaximal testing, body position, muscle mass util

ized, breathing frequency, and relative workload were controlled in 

order to investigate the effect of CFB on metabolic parameters. At all 

breathing frequencies, the true 02 was significantly higher during the 

tethered swims. The true 02 was also significantly higher at V02 peak 

swimming than on the swim bench. 

37 
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Most investigators have suggested that a higher true 02 during 

swimming was due to a decreased ventilation during swimming. Since 

ventilation was not significantly different between SB and TS, there 

must be another reason. Some possible explanations are specificity of 

training differences, acid-base differences, fluid shifts or differences 

in muscle mass recruitment. More study is needed in this area to de

termine the causes for the observed differences between SB and TS. 

Since there were no significant changes in ^C02, V02, R, HLa, 

or HR during three different breathing" frequencies, these results also 

suggest that there may be no physiological training benefits from con

trolling one's breathing frequency at submaximal levels of work. 



APPENDIX A 

EQUATION USED IN DETERMINATION OF TRUE 02 

True 02 = 1.00 - (Fg02 + FgCOj) x 0*265 - Fg02 

Represents the number of ml of 02 consumed for every 100 ml of air 
ventilated. 
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APPENDIX B 

HUMAN SUBJECTS CONSENT FORM 

To Whom It May Concern: 

I understand that I am being asked to participate in a study 

entitled "The Effects of Controlled Frequency Breathing on Oxygen 

Exchange During Swimming and Exercise on a Swim Bench." I under

stand that my participation in this study is totally voluntary and that 

I will be asked to participate in the following procedures: 

1. I will have my body composition (percent fat) determined 

by being weighed while completely underwater and after 

exhaling all my air. This will require approximately ten 

trials and 15 minutes to complete. I realize that there may 

be some discomfort due to complete exhalation, but I am 

free to surface for a breath at any time. 

2. I will undergo two maximal exercise tests. One will require 

exertion to the point of exhaustion during a swimming test 

(tethered) and the other will be on a swim bench. I realize 

that there will be temporary discomfort due to extreme 

effort at the end of the test. There may also be some 

muscle soreness 24-48 hours after the test. 

40 
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3. I will be asked to complete three five-minute tethered 

swims at 70% of max effort while voluntarily controlling 

my breathing rate at 20, 15, and 10 breaths per minute. On 

a separate day I will complete three five-minute trials at 

70% effort on a swim bench while controlling my breathing 

rate at 20, 15, and 10 breaths per minute. 

4. I will have my fingertip pricked with a small lancet in 

order to obtain blood samples. A blood sample will be ob

tained prior to each swim bench trial and two minutes 

after each swim bench trial. The amount of blood to be 

drawn will be about 1/4 of a teaspoon. 

I understand that all information will be treated as privileged 

and confidential and that it will not be released to anyone without my 

expressed written consent. However, the group data may be published 

in professional journals. I also understand that my involvement in this 

study will not cost me any money. Likewise, I realize that I will 

receive no monetary composition in exchange for my participation. I 

understand that I will benefit from my participation in this study by 

obtaining physiological information concerning my body compensation 

and maximal oxygen uptake. 

I have read the above "Human Subject Consent Form." The 

nature, demands, risks and benefits of the study have been explained 

to me. I understand that I may ask questions and that I am free to 
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withdraw from the study at any time without incurring ill will. I 

understand that in the event of physical injury resulting from the 

research procedures, financial compensation for wages and time lost is 

not available and must be borne by the subject. I also understand that 

this consent form will be filed in an area designated by the Human 

Subject's Committee with access restricted to the principal investiga

tors. A copy of this form is available to me upon request. If I have any 

questions, I can call Greg Farmer at 626-3825. 

Subject's Signature Date 

Witness' Signature Date 



APPENDIX C 

SAMPLE CALIBRATION CURVE FOR LACTIC ACID 
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